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ABSTRACT 


The exchange constant for the reaction between hydrogen 
ion in solution and the strongly acidic resin Dowex 50W X8 in 
a mixture of the sodium and hydrogen forms was measured at 
Zt°C by almodified stoichiometric method. This method con- 
“sists of measuring the concentrations of any two species in 
the external solution, and from these measurements obtaining 
che concentrations of the remaining species in the resin and 
solution phases. Values agreed with those previously reported 
by other methods. A detailed analysis of the precision and 
accuracy of the exchange constant obtained by this method 
showed the optimum resin loading factor to be 0.4 or greater. 
The procedure is rapid and resin shrinkage, non-additivities 
of volume, and the presence of traces of water in the resin 
aroealbeimplicitivaccounted for. 

It was found that there is an increased uptake of see 
by Dowex 50W X8 at low hydrogen ion concentrations in the 
presence of NaCl in the external solution, which results in 
an approximately doubled retention volume in ion exchange 
chromatography. This behavior was studied by a dynamic method, 
and found to be specific for Hae Three models, one hetero- 
geneous and the other two homogeneous, were considered in 
an attempt to explain this behavior. The heterogeneous model, 


which arbitrarily distinguishes between two sites for H 
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sorption) was first excluded, owing to the failure of this 


(7 fe, "Ordinary -SO exchange sites, and sites due to Donnan 
model to interpret adequately the finding of a special 
affinity of Donnan sorption sites for oe The two homogeneous 
models are both based on association theory, and differ in 

mre snature Of the sates Of association.~ The first proposes 

_ association between He and -SO, in the resin, while the 


3) 


second is between H’ and ACOs, present as an impurity in the 
resin. Both models show the same sorption isotherm, and 
cannot be distinguished mathematically, but the one involving 
association between H’ and Coos is more realistic because 
the number of sorption sites found in this work is comparable 
to the number of carboxylate groups found to be present in 
this resin by earlier workers. Carboxylate groups appear 
primarily responsible for the extra uptake of HS although 
Eee POssibni lity) OL a CONtELbubIONn to sorption by association 
between H” and ASE cannot be excluded. 

The sorption of weak organic acids on strong acid 
cation exchangers was also studied. Using Reichenberg's 
data for the systeni Hane - HA -— H,O (HA = benzoic acid, 
Dbutyricsacid, (propionic yactd),.0r .aAceticeacid), 1 Gawas ee loMn 


that the weak acid dissociation equilibrium in external solu- 


tion also exists in the resin phase, with the internal 
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dissociation constant Ky being of the same order of magnitude as 
K in solution. The molecular acid may be sorbed by both sur- 
face adsorption and true dissolution mechanisms; only the 
latter is in true equilibrium with HA and ice 

The system Nap Ra. = HAG eNaGl. — H,0 (HA = chloroacetic 
acid, benzenesulfonic acid, phenylacetic acid) was also studied 


“experimentally. The same conclusions as described above can 


be drawn after correction for the additional hold-up of ae 
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Plots of ion exchange constant K for Ht-Nat 
exchange on Amberlyst 15 as function of the 
mole fraction of resin in the Nat form at 
LOULCRS Reng tns sOL elmo >, eands0.,.L 


The variation of ion exchange constant K for. 


Ht-Nat exchange on Amberlyst 15 in Nat form 
with ionic strength 


Plots of sratiog om total HW “in the resin 
phase of Amberlyst 15 over Ht concentration 
against [HCl] at varying concentrations of 
Nat in the external solution 


The sorption of organic weak acids on Dowex 
50w x 8 in Ht form at various organic acid 
concentrations in external solution 


Comparison of the ratio of total sorbed HBSA 
on Dowex 50w x 8 over Ht concentration in 
equilibrium with HBSA in external solution 
at various Ht and NaCl concentrations and 
Wutbethatvor HCl in: Figure 5 


The total sorption of HPAA on Dowex 50w x 8 
at various concentrations of HPAA and Nacl 


Comparison of the ratio of total sorbed HCAA 
on Dowex 50w x 8 over Ht concentration in 
equilibrium with HCAA in external solution 
at various Ht concentration and with that of 
HGle ine ra.curer:.5 
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CHAPTER I 
Introduction 


That many products in nature, such as céllu- 
lose, coal and clay, exhibit ion-exchange behavior as 
was. discovered centuries ago. However, because of 
a number of undesirable properties possessed by these 
natural ion exchangers, including low capacity and 
poor physical form, they have only limited use. In 
recent years, synthetic ion exchangers have been 
developed and marketed that overcome the handicaps 
of the natural materials and that are tailor-made for 
special purposes. 

Synthetic ion exchangers can be divided roughly 
into three kinds - liquid, solid inorganic and solid 


organic. 


Liquid Ion Exchangers 

Liquid anion exchangers are prepared by dissolv- 
ing long chain aliphatic amines (containing on the order 
of 15 to 18 carbon atoms) in a nonaqueous solvent that 
is completely immiscible with water. The amine itself 
may be primary, secondary or tertiary, or even quater- 
nary in spite of the large solubility of the ionic form 
in water. Amberlite LA-1l (dodecenyl-[trialkylmethy1] 


amine, RR'R"C-NH-CH CH = CHCH,C (Me) ,CH.C (Me) 5, where R, 


2 


R' and R” are side chains containing 18 to 15 carbons, 
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Rohm and Haas Co.) and Amberlite LA-2 (lauryl[trialkyl- 


methyl]amine, RR'R"CNHCH, (CH Rohm and Haas Co.) 


eo Gee 
are two examples. Organic solvents typically used 
include chloroform and nitrobenzene. 

Liquid cation exchangers are acids that are 
dissolved in organic solvents, such as dialkyl esters 
of phosphoric acid, (CgH,,0) POO H’, and monoalkyl esters 
of alkane phosphonic acids, (C,H, 7)PO(OCgH,,)O Hy in 
chloroform. The number of carbon atoms in the side chain 
igs Ge qeoid hy) 

Liguid ion exchangers are compounds containing 
exchange sites dissolved in an organic “yoilagevaken!? =p The 
ideal liquid ion exchanger should be insoluble in water, 
yet soluble in water - immiscible organic solvents in 
the concentration range 2 to 12%, and stable toward acids 
and oxidants. It should also have high selectivity, 
small surface activity, and large exchange capacity. 
Compared with solid exchangers, advantages include greater 
Select vitye and a higher exchange rate. Furthermore, 


liquid ion exchangers do not contain interstitial water; 


this eliminates dead volume corrections. 


Inorganic Ion Exchangers 

Inorganic ion exchangers had been reviewed by 
Aman lett. and can be classified into the following types: 
a) Hydrous oxides of Cr(III), eau Sn (Ly); 


ThitVje, .Si.LV),,..and Al(ITL). Owing to the amphoteric 
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Character of these metal oxides, they act as weak 
acid cation exchangers at high pH values, as an anion 
exchanger at low pH values, and as both in intermediate 
pH ranges. They can withstand high temperatures and 
high levels of radiation, and in general undergo rapid 
exchange, but can be used only over a narrow pH range, 


and have relatively low capacities. 


2) Gelatinous salts of multivalent metals. These 
include the antimonate, arsenate, molybdate or tungstate 
Salts of Ti(IV), Sn(IV) or Sb(V). The exchange proper- 
ties of these materials depend on the composition. 
Macartic ee and disadvantages are similar to the hydrous 


oxides listed above. 


2) Zeolites. The zeolites have a crystalline 
structure consisting of A105 or Si0, units containing 


oh =f : : . ; . 
, OF Ca “Sitting inside inter- 


metal ions such as Na’, K 
nal) tetrahedral or octahedral holes.: Typically, holes 
of 11.4°A diameter are interconnected through "windows" 
of 4.2°A diameter. Though they exhibit cation exchange 
properties, zeolites are used ani as molecular sieves 


in the dehydrated state® for adsorption of water or 


other small polar molecules from gases and liquids. 


Organic Ion Exchangers 
Organic ion exchangers are by far the most common 


type of those mentioned above, and have received the 
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greatest attention. They are composed of a cross- 
linked hydrocarbon polymer network on which a number 
Of =10Nn17eE0 oritonrzable ee such as -SO., =CO,, 
-NH3, or -N'(Me) ae iecerorared The first two, 
which bear negative charges, will exchange cations, 
and are called cation exchangers; the other two are 
anion exchangers. Organic ion exchangers are syn- 
thesized by polymerization of small monomers, either 
via condensation or addition steps in the presence of 
a catalyst. The cation exchange resin studied in this 
work is a sulfonated polystyrene resin with different 
degrees of crosslinking. It is made. by addition 
polymerization via a free radical mechanism under the 
influence of a catalyst such as benzoyl peroxide and 
INntid heat. The polymerizing mixture contains styrene, 
along with some divinylbenzene (DVB) to serve as a 
crosslinking agent between the chains. The degree of 
crosslinking is controlled by the percentage of DVB 


used. Polymerization conditions must be well controlled 


~ CH——— CH. CH— 


SO,H SO,H 


5 2 


AN 


because the physical form of the resin is directly 
affected by those conditions. The size of the drop- 


lets formed from the solution after polymerization is 


: q4=4 ORS : 
OCC ye. I ¢ fet i : : uo ie 30 
we Ade orn @ 2 
J ni r >a ‘ ie 


4 \ 
ue Ge) ah 6 ,, aes 


f 


: i : Ar ay f _ 7 . ci cho fortes | c2 





determined chiefly by Che viscosity, degree of mixing 
and nature of suspension stabilizer, gelatin, polyvinyl- 
alcohol, or sodium oleate, for example, to keep the 
polymer suspended in solution. A wide range of physical 
forms can be obtained by suitable combination of these 
factors. A sulfonation reaction is then carried out to 
add the sulfonate groups on the benzene rings with the 
product fully swelled in toluene or nitrobenzene. 
Organic ion exchanger resins can further be 
classified according to physical state or functional 
groups. With regard to the physical state, there are 
three types of ion exchangers,. namely microreticular 
(the conventional gel-type of resin), macroreticular, 


eating are formed 


and pellicular. Macroreticular resins 
in a medium which is a good solvent for the monomer, 

yet is a poor swelling agent for the product polymer. 
They are rigid, porous, and have a large surface area. 
Thus, they are suitable for use in nonaqueous solvents, 
which do not cause sufficient swelling in conventional 
resins to allow ions to diffuse readily into the resin 


10,11 consist 


pores. Pellicular ion exchange resin beads 
of solid impenetrable cores of 30 to 40 um diameter 
with a thin porous layer of ion exchanger material 


approximately 1 um thick chemically bonded to the surface. 


They have high separating efficiency owing to reduced 
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mass transfer hindrance in the resin phase. The ratio 
of transfer resistance of a pellicular resin relative 


to a conventional spherical resin bead Beare 


3 
156, (1 - 26.) 


where On is the fractional thickness of the layer. They 
are only used analytically as a column packing in 
modern high pressure ion exchange chromatography 
because of low capacity and high manufacturing costs. 

A number of resins having special functional 
groups have also been synthesized and used for special 
purposes. Resins showing oxidation-reduction properties, 
called redox ion ‘exchangers, redoxites, or electron 
exchangers, possess sites at which reversible redox 


1714 


reactions can be carried out The redox function 


May either come from the ions associated with the resin, 
such as Cuske Berke ORE coe which can act as oxidizing 
or reducing agents while coordinated to the resin, or 
from redox groups directly incorporated in the resin 


through synthesis. Examples include a hydroquinone 


electron exchanger, 
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and a mercapto electron exchanger 


The redox strength depends on the functional group and 
on the ratio of oxidized to reduced forms present. It 
is expressed quantitatively by the formal potential of 
the couple according to the Nernst equation. Unfor- 
tunately, redox capacities and reaction rates are 
usually low. Also, the resin itself is often chemically 
not stable. For these reasons redox resins are not 
used to any large extent. 

Resins which have both positive and negative 
groups, and are held together by electrostatic force, 
are designated as "Snake cage" resins. They are pre- 
pared by polymerization of acrylic or methacrylic acid 
into different guaternary ammonium anion exchange 


reeins 3) and have the general structure shown below: 


| | 
a 7 = eae 
ci —{ )— ci N(CH, 3 O—CO ii 


We CH 


[4 1» 3 tne 
CH —{" citi (cit, COs GH 


These materials attract ions in solution by electrostatic 


forces and, when used in column form, slow their rate 
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of passage down the column relative to nonionic species. 
The distance between the charged groups determines the 
retardation effect. Use of these resins permits the 
removal of salts consisting of unit charged ions from 
polyelectrolytes by a zipper mechanism where the posi- 
tive and negative groups of the resins are broken apart 
by their taking on separate unicharged anions and 
cations, and allows the regeneration of resin with 
water’ °, Selectivity varies among different salts; 
therefore, these resins can be used in place of conven- 
tional cation or anion exchangers to separate mixtures 
he Geel 

Some resins can complex heavy metal ions, using 
their own functional groups as coordinating ligands. 
These are called chelating resins! The best known 
commercial product of this type is an iminodiacetate 
ion exchanger (Dowex A-1, Dow Chemical Cots gne Le 
iminodiacetate group, a good complexing agent, is 


directly attached to a polystyrene matrix. 


Sgr og emer CH,— 


+ 

CH,CO] Na 
cH N~ peo 

cx,,coZ Nat 


Nh 


Polyvalent metal ions such as Cutt form stable chelates 


with iminodiacetate and thus can be separated from 
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monovalent ions or ions which do not form strong 
Lo59 
complexes ° 
In addition to the various resins described 
above, numerous other kinds have been synthesized for 
special purposes, and come under the general name of 


Specific resins. .One example is the incorporation of 


dipicrylamine, 
NO. O5N 
NO, O5N 
a precipitating agent for ae into a polystyrene matrix 


to form a resin containing the group. 


| NO, OoN 

a On 

2 NO, ON 
This material shows excellent uptake of Ka 

An optically active ion exchange resin??14t can 

facilitate the separation of racemates similar to the 
use of optically active natural products such as lactose 
and starch as adsorbent materials. For example, 
chloromethylated polystyrene resins react with optically 


active tertiary amines to yield an optically active 


strong base anion exchanger, on which the separation of 
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the d and & isomers*’of-mandelic acid is “feasible, 


Applicationsof Ion Exchangers 

Ion exchange resins have a wide range of appli- 
cations in analytical chemistry as well as in industry 
on a larger scale. The applications can roughly be 
classified according to whether the resin Be anges 
ions or catalyzes reaction without changing itself. 


Examples of each type of application are listed below. 


Exchange 

A) Chromatography (displacement, elution, and frontal) 
Chromatography is by far the most important 

application of ion exchange resins in analytical 

chemistry, especially after the development of improved 


resin materials. The theory of ion exchange elution 


chromatography was developed in 1941 by Martin and Synge * 


using a plate concept, and modified by Glueckauf in 


dz 122s Of the various chromatographic parameters, 


LoS 
the resolution R and the retention volume V, (time t,) 
are of prime importance in determining the separating 
efficiency of a column. Resolution is expressed as a 
function of ratio of partition coefficients and their 


eyapa The retention volume depends 


absolute magnitude 
on pH, ionic strength, composition of eluant, ion 


exchange constant, and specific interactions. In the 


10 





ideal case of a linear exchange isotherm and no inter- 
action (solute-solute, solute-mobile phase, solute- 
Stationary phase) other than exchange, values of V,, 
R, and the elution profile can be predicted quite 
accurately by theory. In reality most systems are 

far from ideal, especially for large molecules and ions 
which interact appreciably with the resin; in these 


instances V, and R can only be estimated empirically. 


R 
Pellicular ion exchange resins are especially adapted 
to modern high pressure liquid chromatography systems, 
and can separate virtually every kind of compound 
ranging from nonpolar molecules to fully ionized electro- 
lytes. Because of rapid recent advances being reported 
in this area a complete description is impossible. Only 
Significant examples are given. 

In the area of polar compounds, the separation 
of nucleic acids”° in the early 1950's with conven- 
tional resins required 16 hrs, while amino acids’! 
required 22 hrs. Through the use of pellicular resins 


the same separations now can be achieved in 1 heee and 


2 Hes Complex body Birds ss such as urine, blood 
serum, and cerebrospinal fluid can be analyzed by high 
pressure exchange chromatographic techniques which were 
not feasible in the past. 


Separation of inorganic compounds has also 


become faster and simpler. For example, the separation 
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of the lanthanides is possible by use of sulfonated 
polystyrene resins in 2M acia>t, The lanthanide and 
actinide elements can also be separated in weakly 
acidic solution by sorption on a strongly acidic 
cation exchanger, followed by sequential elution with 
an anionic complexing agent>-. Alkali metals may be 
separated with an HC1/EtOH mixture as eluent on a 
cation exchanger resin, 

Another area, ion exclusion eroncceceapny oat 
involves the separation of electrolytes from non- 
electrolytes. Electrolytes having the same counter 
ions as the resin phase are excluded from the resin 
due to Donnan potential (p. 66 ) and thus Cone out 
frrst- from-the column. 

The technique of salting out ehromatography>> 
is used for the separation of nonelectrolytes using a 
salt solution as eluant. Addition of a salt such as 
(NH, ) SO, to the eluting solution may influence the 
distribution of nonelectrolyte between mobile phase 
and resin phase as a consequence of the salting out 
effect. The effective concentration of nonelectrolyte 
increases with increasing salt concentration owing to 
the tying up of free water by the salt. The amount of 
nonelectrolyte sorbed on the resin is enhanced correspon- 
dingly. Nonelectrolytes have a larger retention volume 


and so are more readily separated in the presence of 


electrolyte. 
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To further facilitate the separation of mix- 
tures, a number of techniques such as use of nonaqueous 
and mixed solvents, two-step elution, gradient pro- 
gramming, and so on have been employed. These are 
powerful aids in achieving satisfactory separation 


conditions. 


B) Nonchromatographic analytical applications 

ton exchange resins are used in a variety of 
other applications. These include the demineralization 
Of watér, determination of total salt content of a 
mixture 39 ; Separation of interfering ions prior to 
a determination, changing the ions present in an elec-— 
ErOly ce, concentrating sions Of “a Ssalt-in- solution; 
dissolution of precipitates through shifting of equi- 
libria, and measuring complex formation constants? ’, 


Liquid ion exchangers are used in ion selective elec- 


Prodes* = 


C) Industrial applications 
Ion exchangers are well-known for the desalin- 
ation and softening of water. Either conductivity or 
drinkable water can be prepared. In waste water treat-— 
ment, ion exchange is the most effective method known 
for the quantitative (up to 99.99%) removal of radio- 
39 


active ions from waste solutions of nuclear reactors”. 


Even poliomyelitic virus in contaminated water can 
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be inactivated by an ion exchange process’”, Ion 


exchange technology is also important in hydrometallur- 
gical practice including winning, purification, and 
concentration of metal ions and in the recovery of 
metals from hydrometallurgial effluents. For example, 
uranium can be recovered from low grade uranium ores 

as Wie (Eel (n = 1,2,3) by use of an anion-exchange 
resin (Porter-Arden process), a liquid ion exchanger 

of the weak base amine type (Amex process), or a com- 
bination of the two (Eluex sepeeet The yields 
approach 98977, Thorium, which occurs simultaneously 
with uranium, can be extracted in a similar way by a 
liquid ion exchanger >. Gald. and platinum are removed 
from waste leach solutions in ore processing in the forms 
of [Au (CN) ,]7* and iizen spr by anion exchange resins 
which are later incinerated to recover the metals. 
Chromium-containing effluents can be treated by anion 
exchange to remove chromic acia?>, Nickel from the 
rinse cycle of nickel-plating baths is recovered ina 
Similar way. Copper”. eve | and roca in waste 
effluents are readily removed by cation exchange resins. 
Ion exchange resins are widely used in the treatment of 
cane sugar juice, the refining of cane sugar and the 
production of sugar syrup. In this application, the 
ion exchanger serves a dual purpose - metal ions such 


2+ 2+ + 2 
OL PA a pC is Fe? , and anionic components such as 
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inorganic anions, fats, waxes, and organic acids, are 
either demineralized by passage through a column of 

; + + 
cation exchanger in Na or NH, form, or removed by a 
combination of strong base anion exchanger and weak 
acid cation exchanger. The remaining colored components 
in sugar syrup after treatment with activated charcoal 
can also be removed by the above process. The wine 


= : + 
pee uses cation exchangers to remove K_ (to 


industry 
improve stability on storage), a portion of the nitrogen 
compounds (to reduce turbidity due to albumin) and Na™ 
(to remove a soapy flavor); excess acid also can be 
reduced by anion exchangers. 

Ion exchangers are valuable in the milk indus- 
try, where they can increase the calcium content in 
dairy products, reduce the sodium level to prolong 
shelf life and remove radioactive fallout products, 


90... 


particularly In industrial chemical processes, 


such as the preparation of formaldehyde, glycol, phenol, 
acrylic. acid, and citric acid, ion exchangers are used 
to eliminate impurities in products. Ion exchangers of 
large surface area (macroporous or macroreticular resins) 
are effective as drying agents and as adeorbentsn | 
comparable to silica and activated charcoal. These 
materials also have a wide range of application in drug 


manufacturing and medicine, where they are used to 


purify and concentrate products, or to convert products 
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into the desired ionic form. . Finally, ion exchangers 
have been proposed to remove excess stomach acid and 
to reduce electrolyte leach in the blood and other 


body fluids. 


Catalysis 

fon exchange resins in the appropriate form. 
serve as cate for several reactions>-. The 
mechanism chiefly involves the counter ions associated 
with the exchange sites. Cation exchangers in the 


hydrogen form can catalyze dehydration, hydrolysis>>’>4, 


hydration>>, esterification’, cracking of hydrocarbons, 
sugar inversion, and other reactions requiring active 
hydrogen ion to form intermediates. Exchangers loaded 
with feet CN or OAc exhibit the catalytic properties 
Of these ions in solution. (The reactions can be 
Cairi1cd Out in gas-Ssolid or liquid-solid-state.* Since 
conventional organic resins tend to collapse in an 
anhydrous state, the efficiency may be greatly diminished 
under such conditions. In these cases, the use of an 
inorganic exchanger such as a zeolite is more profit- 
able. The advantages of ion exchangers as catalysts 
are as follows: 
oi) The reactions are highly specific, and side 
reactions are suppressed. 


zd) The catalyst is readily separable from the pro- 


ducts. 
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wad) Ions of unusual oxidation state, such as 
Mn (III), which can serve as an active species 
in some reactions, may be stabilized. 

iv) Ion exchangers can be used for reactions which 
require a high concentration of the, catalyst 
ion. The internal counter ion concentration 
can be as high as 6 N. Such high concentrations 
can cause trouble in conventional homogeneous 
solutions. 

Stability in a thermal, chemical, and radio~chemical 

sense generally setsthe limits on the use of ion 

exchangers as catalysts. 
The theory” of catalysis by ion exchangers has 
not yet been fully developed. The catalytic behavior 

is believed to lie somewhere between homogeneous catalysis 

and heterogenous catalysis. The transport of reactants 

and products to and from the exchange sites is definitely 
heterogenous in paeuress. while the intrinsic reaction 
between the counter ion and reactant is homogeneous. 

The whole process can be broken down into several simple 

transport and reaction steps and treated separately. 

This is shown schematically as follows: 


(b) 
Film diffusion ——> surface reaction 


(a) (a) 
—» diffusion into —>+outer volume 
(Cc) inner pores reaction 


e 

ins intraparticle 
diffusion and 
internal reaction 
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Reaction in the pore 


An exact solution can be obtained for a first order 
reaction where the rate is directly proportional to 
the solute concentration, but the rate of overall 
reaction, which is a series or parallel combination 
of transfer and reaction steps, is determined by 
parameters such as particle size, flow rate, surface 
area, and so on. The effect of these parameters can 
be predicted quantitatively once the rate-determining 


step is known. 
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CHAPTER IT 


STOICHIOMETRIC DETERMINATION OF THE ION EXCHANGE 
CONSTANT FOR SODIUM AND HYDROGEN ON DOWEX 50W ~ 8 


SULFONIC ACID RESIN 


Background 


the ion exchange constant K is one of the 
important physical properties that must be known 
accurately for useful applications of ion exchangers 
to analytical or industrial problems. Methods for the 
determination of K fall into two types: batch and column. 
In the batch method. | the soi is immersed in a mixed 
salt solution containing the same co-ion as the resin. 
The solution is stirred at constant temperature until 
equilibrium is attained. The concentrations of both 
counter ions present in solution are then measured, the 
solution is drained from the resin, and the resin is 
washed several times with distilled water. The counter 
ions in the resin phase are now eluted by another 
electrolyte, the presence of which will not interfere 
with measurement of the counter ion concentration, and 
the concentration of counter ions displaced from the 
resin measured. From these data, the apparent ion 
exchange constant K for the reaction A+B = A+B can be 


calculated as: 


eo 


_ 
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The bar denotes the species in the resin phase. 

The column method is faster than the batch method, 
because all the steps can be carried out continuously. 
There are two different procedures by which an ion 
exchange constant can be measured in a column, the 
dynamic Asura eo” and the chromatographic eorooen a 
In the dynamic method, a solution containing two salts is 
passed through’ @ column of resin until» the resin* is, com- 
pletely equilibrated with the solution. The column is 
then rinsed with distilled water, the counter ions dis- 
placed from the resin by a solution containing a second 
electrolyte, and the displaced species measured. The ion 
exchange constant then can be obtained readily by the 
equation above. 

The chromatographic method is also popular for 
the measurementof,4 163 high) accuracy, is. not,.required. 
The advantages are that attainment of equilibrium is not 
necessary and the data can be recorded Antomaticatl. 2s 
Thus it is rapid and convenient. Rachinskii°™ gives a 
detailed discussion of the various kinds of ion exchange 
chromatographic methods available for the determination 
of K using radioisotope techniques. In the first method, 


named by the author eluted dynamic chromatography, the 


ionic species is measured directly in the column. For 


Poa 


the exchange of monovalent -ions, it can be shown that 


XO F685 


Sa) (Foc? 


where X is the distance from the top of the column, 

LL the column length, 

Q the cross sectional area of column, 

V the volume of solution passed, 

qe the weight of ion exchanger in column, 

S6 the sorption capacity per unit weight, and 

cs EheRsoLucionsconcentration. 

The second method is elution chromatography, 

which is the conventional mode of operation. The radio- 


activity iS measured at the outlet of the column. 


where V, is the retention volume. 
The third method is frontal chromatography, which 
is essentially identical to the dynamic method except that 


: On 
the amount of sorbed counter ion A, S,, iS measured 


~ directly in the column by radioactivity counting 


IN 
Il 
| 


Chromatography is often used when the solution 
consists of a complex mixture in which the batch and 


column methods are no longer applicable. For example, 
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ion exchange constants of several lanthanide metals in 
the eriey de form) Suche asela,, ce, Pr, oNd, om, hu, “Gd 

and Tb, have: been méasuredoot When K varies greatly with 
solute concentration (in other words, when the isotherm 
is not linear), the chromatographic peaks are heavily 
skewed; then values of K measured by chromatography are 
not reliable. This is typically the case for ions 
possessing a high charge. 

The dynamic method is by far the most convenient 
method for measuring values of K. It is more efficient 
than the batch method because the operation is continuous, 
which saves labor and requires less attention. It also 
provides rapid equilibrium and allows more complete 
rinsing. A large number of analytical applications of 
ion exchangers are performed in the chromatographic mode, 
therefore where a column is to be used for a later appli- 
cation, it is desirable to use the same column to deter- 
mine K in situ under the same Boece ig conditions. 
Furthermore, because the solution in the column is con- 
tinuously being renewed during the measurement step, any 
contaminant in the resin phase, such as ions or sorbed 
organic compounds, which could shift the equilibrium as 
well as interfere with the concentration measuring step, 
can be washed out by the eluting solution, and thus 
will not affect the measurement of K. No matter what 


the initial state of the resin, the same equilibrium 
















iT f >e xs + Yo 5t ’ | Led " — j ‘ 
eisdent 9! aI Mi, (615vS8 IO Ce roe, Sprimtias soil . 


343 \miot shiaeins amg 
— 


2 PISY AL: pes Sesame Wee} suet oe Dts 


i 


. {eorry + at) noreas4 *SsT6> esuiasa oy 
, ' * “4 ia , th ai 
-O Seu ey nod’ iowedlg 
i t- ) pus i naw sone as 
y » We, = 't.» ae a) 
- ato (f ' i z repEsag @ 
ri 
>in 7 y Pekb i 
J as ‘ hon tonne 
Ps + ¢ de Lis @ a 
conta jiosed Sis Ree 
a z x 
"2S “O.E1 gever pioPae 
i°twte ‘ ta ns » i tool VoLg 
ae 
: Poul sorrel f . ALenta 
“ : 
‘ r 
; f atenvreriong gos a 
C = boa) =A tak cr 3 - 
7 <4 SWL99 4 Seavie shitenanes 
~ rc > - “ 
=o O23 Sititthen eb +s 2tten 
“"% 
FESSIIO rec SAS ee a> a2 r= a 5 
- ~~ pic p..d a * f sn lor 
—_ oy . My | * . 


MPS (9928. cto metes bo Sri pect Deve ay | i 
" 4200 DSNSROY 7228" y heamuaee 
Bedarra tO dried as nisys emer 
a ; ~ : ~- ‘ ret) ‘4 ris toauy hans rez: ‘ 
28) nti Fl hue = 
CEOS Sees 
) a ae 





Pass: 


Stare andwk, cana bes obtained for) a qivenveluting 
solution. 

Finally, the apparent ion exchange constant 
K depends strongly on experimental conditions such 
aS ionic strength and concentration ratio of counter 
ions in solution (mole fraction of counter ion in resin 
phase). Therefore K can be used to predict equilibrium 
concentrations only when these conditions are specified. 
Demthen va LuewO mak UnderEspecrinied conditions» of tronic 
strength uw or concentration ratio [A]/[B] is desired, 
then only the dynamic method is applicable because only 
Se tiLsmmet hod smebhesres ime, the Linalbistate “in equi- 
librium with a solution of known ionic strength and 
composition. The equilibrium solution in a batch 
measurement will change composition at constant ionic 
strength due to redistribution of counter ions between 
the solution phase and the resin phase, making it 
difficult to obtain K at a specified solution composition 
unless the resin is washed successively with portions of 
solution until the solution composition does not change 
further®°, This is by no means convenient. The dynamic 
method also has the peculiar feature that the whole 
isotherm can be calculated from the effluent history of 
one single column experiment? ’. However, it requires 
extreme control of experimental conditions as well as 


rapid local equilibrium between the solution and resin 
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phases. This latter condition is not met adequately by 
inorganic ion exchangers or by moderately cross linked 
organic ion exchange resins and therefore this method 
is not recommended generally. But even though less 
convenient and efficient than the column method, the 
batch method still is important because it can be 
applied to ion exchanger materials in any physical 
aucuitt ap such as membranes, tubes or rods, whereas the 
column method can only be applied to beads possessing 
high fluid permeability. In Hes application .or gon 
exchangers to industry, tubular column aocteee? = are 
by far the most commonly used, for example iLiieCOUn LeU 
SGereney and fluidized processes /?. The batch ae = 
and CSTR (constant stirred tank reactor) are also used in 
some cases as in uranium ieee ancelnemining pro 
Bassese owing to cheaper construction costs and better 
eathernalityos2 

To maximize efficiency, minimize resin costs, 
allow monitoring of the activity of the exchanger, and 
allow calculation of exchange times for a given system, 
the exchange equilibrium constant kK must be known. It 
is desirable where feasible to measure Kin SiGe eas 
this involves the least expense of time and effort. 
The batch method is the only one that meets the above 


requirements; the drawback is that it involves a series 


of steps such as phase separation, washing, displacing 
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and determining four concentrations, which are quite 
tedious and time consuming. 

A modified batch method, called the stoichio- 
metric method, which is simple to handle yet accurate 
enough for industrial purposes has been proposed by 
Ghate, Gupta and Shankar ’*. Unfortunately these workers 
made use of this method without taking into account the 
change in water content of the dry resin when it was 
equilibrated with salt solution. This introduces error, 
especially when the volume of the equilibrating solution 
is small. Because air drying of samples of resin to 
constant weight is time consuming, a way of avoiding 
this step is desirable. The method described below 
does not require drying of the resin, and yet allows 
correction for the water: remaining in the resin. It 
involves calculation of counter ion distribution in both 
phases by material balance after measuring the concen- 
tration of any two ions in solution. This method is 
faster than the others because phase separation and 
succesSive washing is not required, and is highly 
Suitable to routine analysis. In this work, the 
desalination of sea water by ion exchange was studied, 


and the apparent ion exchange constant K LOE tne 


H/Na 


reaction 
REI ci) se Be ey” 


was measured. 
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Three species are present in solution at 
equilibrium; Na’, H’ and Cl-. Only the concentrations 
of two ions are required, as the third can be obtained 
by charge balance. Na™ can be determined by flame 
photometry while H’ and Cl~ are most conveniently 
determined by acid-base and precipitation titration. 
The analysis of solutions for HT and Cl were chosen 
because the titration procedure was more convenient 
than flame photometry. The value of Kecanetniensbe 


calculated as shown in the next section. 


Experimental 


Reagents 

The resin selected for study was Dowex 50W x8 
cation exchange (Dow Chemical) resin, 50 to 100 mesh. 
The properties of this resin as given by the manufac- 
turer are: total exchange capacity (wet volume), 1.8 
megq/ml; total exchange capacity (dry basis), 5.2 meq/g; 
moisture content, 54.7%; wet screen analysis, retained 
GreUSENG sec oeoleve ys |e pess ing athroughneUSENoemes,U 
Sieve, 3.8%. All other chemicals were of analytical 
grade, which met ACS specifications and were used as 
received without. further purification. The sources were: 


AgNO, (Johnson, Matthey and Mallory Ltd., Toronto), 


3 
NaOH (Fisher Scientific Company), K,Cr507 (The British 
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Drug House Ltd., England), HCl (Baker Analyzed), and 


NaCl (Fisher Scientific Company). 


Preparation of Standard Solutions 

Standard solutions were prepared by the follow- 
ing procedures. Solutions of 0.3 Mo eM ands 00 Gy Mt 
NaOH were made by dissolving 24 g, 8 g and 4.8 g of NaOH 
pellets in distilled water in 2-litre volumetric flasks, 
and then standardized in duplicate against potassium 
hydrogen phthalate using phenolphthalein as indicator. 
The average concentrations were found to be O30 LAS 
0.1023 and 0.06219 Me AeSOluUtion Of Silver nitrate was 
prepared by weighing accurately about 34 g AGNO2, 
dissolving in distilled water and diluting to volume in 
a 2-litre volumetric flask. The concentration was cal- 
culated to be 0.1001 M. Solutions of 0.1 Myand 30.2) M 
HCl were prepared by diluting 15.9 ml and 31.8 ml of 
concentrated HCl- (12.6 M) in distilled water in 2-litre 
volumetric flasks, and were standardized against 0.1 M 


NaOH phenolphthalein as indicator. 


Procedure 

About 40 meq of resin were used per run. The 
resin was allowed to stand in distilled water for a day 
to ensure complete swelling, then washed in an 800-ml 
beaker, first with 300 mi 6 M HCl and then with 300 ml 


distilled water to remove impurities, especially heavy 
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metals. The exchange capacity of the portion of resin 
was measured by direct titration of the Ho form with 

0.3 M NaOH to the phenolphthalein end point in the 
800-ml beaker. The resin was first converted to the H™ 
form by washing 3 times with 300 ml 6 M HCl, then the 
excess acid was removed by rinsing with several portions 
of distilled water until the equilibrated wash liquid 
was neutral as tested by pH paper. After decanting the 
excess water, 2Z00°ml of "I M*NaCl*solution and™5°drops of 
phenolphthalein indicator were added, the batch stirred 
and the suspension titrated with 0.3 M NaOH with vigorous 
stirring. A sharp end point was obtained. 

After measuring the total capacity of the batch 
in this way, the resin was converted to the Na’ EOQUaeay 
washing with three 200-ml portions of 1M NaCl, and then 
with distilled water until a test of a portion of the 


equilibrated solution for Cl by AgNO, was negative. 


3) 
The resin next was transferred quantitatively to a 
500-ml volumetric flask. After excess water had been 
decanted, m= 200smlota0eMeHCl were pipettedtinto the 
flask, the exact volume being measured by weighing the 
flask and contents before and after the acid was added, 
then dividing the weight. by the density of 0.1 M HCl 
solution. The concentration of 0.1 M HCl added was 


measured by titration of a 25-ml solution with 0.1M 


NaOH. The flask was tightly stoppered and the solution 
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stirred with a Micro V Magnetic Stirrer (Cole-Parmer, 
Chicago) forfour hours at) 22°C, at which time it was 
assumed equilibrium was obtained. 

Two 25-ml portions of the liquid phase were 
pipetted into each of two flasks. The first was 
titrated with 0.06 M NaOH for He the second with 0.1 M 


AgNO, for Cl” by the Mohr method’?. The procedure, 


2 
starting from measurement of total capacity of the 
resin in the 500-ml volumetric flask, was repeated 5 


Gimes ee ine experiment then wastirepeated using 0.2 M 


Hetein placesoft 0.1 M. 


Treatment of Data 


Definitions of Symbols Used 


volume of water retained with the resin, ml. 


SO 
Ne volume of acid added, ml. 

Ho concentration of acid added, M. 

H concentration of hydrogen ion present in 


external solution at equilibrium, M. 

Na concentration of sodium ion present in 
external solution at equilibrium, M. 

Cl concentration of chloride ion present in 
external solution at equilibrium, M. 


capacity of resin sample used per experiment, 


ja 


meq. 
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c' = CAV +V) capacity per unit volume of exter- 
nal solution, M. 

i total amount of hydrogen ion present in 
resin phase, meq. 

NaR total amount of sodium ion present in resin 


phase, meq. 


For the reaction 

NaR + H’ # HR + Na’ 
the equilibrium constant is given by 

ge BE (1) 
the charge balance is 

Nae eo Cl sa (2) 
and the material balance is 

c = HR + NaR : (3) 


At equilibrium, the concentrations are given by 


A eee 

ee eat oN (4) 
Ama O 

NaR = c - Na(V.+V.) (Sa) 


HR RM Wh Salaeg hs (5b) 
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Since Cl and H can be measured, Equations (4) 


and (5) can be solved for Na and V. 


Nase — (6a) 
——) V A (6b) 


Substituting Equations (4) and (5) into (1) gives 


2 
Na Na(v+V_) (Na) 

Se a oa a IN a ee ee 

Ta ice NAV iave) ei BoNay (ch-Na) 

fo aT) Na a‘-o —a = 
(7) 
where 
ve 

ee Giplreasielic 

—a -oO 


Then K can be calculated by inserting values for Me and 
Na, obtained from Equation (6), into Equation (7). 

An important point to be noted is that it is not 
necessary to assume volume additivity and constant water 
content in the resin, because these factors have already 
been taken account of in the term V)- Actually, V, is 
the sum of three terms: the volume of external water 
adhering to the resin V\'; the change in internal water 


content of the resin AV and any deviation from volume 


additivity AV Thus 


= ' 
= ey tit AN Seba 


Ue is always positive, while AV. and AV, may be positive 
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or negative. The magnitude of ce. is not necessarily 
greater than Zero, “especially “if little water is 
carried along with the resin (i.e. ey. LSoesmal 1), 
and the volume shrinks and the resin swells tre- 
mendously upon the addition of acid (i.e. AV. and 


ANN 16D BS 
= 


Precision and Reliability 


It is of interest to consider the level of pre- 
Sr-o1Onwendereliabi lity sexpected fore K from these stoichio— 
metric calculations. Since two material balances, one 
in the resin and one in the solution phase, are involved, 
along with a charge balance and several subtraction 
steps, the precision cannot be expected to be as great 
as for equilibrium values measured directly. Indeed, 
this method is not applicable to those experimental 
regions in which the subtraction of two nearly equal 
numbers is required. Because its usefulness depends on 
how precisely the value of K must be known, it is impor- 
tant to be able to predict at least semi-quantitatively 
the precision of K obtained, so that it can be compared 
with the precision desired. Values of K obtained by this 
method should not be used for subsequent calculations if 
the desired precision is insufficient; under these con- 
diUCLOnS, measurement by the batch method is the only 


choice. 
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Also, once the parameters affecting the precision 
have been identified and their magnitude estimated, one 
Can avoid measurements in those regions which give the 
least precision. Indeed, a valid estimate of precision 
is an important criterion in all stoichiometric methods. 

The uncertainty in K can be derived from error 


propagation theory/®:7/7778 


, the derivation of which is 
given in Appendix I. This theory can be applied. to any 
stoichiometric system. The system considered here is 
assumed to be in complete equilibrium and all errors are 
assumed to arise only from the measurements, which are 
random in nature. As revealed from Equation (7), the 


uncertainty in K is determined by five independent mea- 


Surement errors Ho? Ve 


pele ryeand.c; that 15,7 Ky— 
£(HOVi,H,Cl,c). If the measurement errors are not 
large, then the random error (variance) in K due to 


random errors in the variables is 


2 


TEL + (=) si +() s 


2 
Cl 
where Sy is the standard deviation of the quantity con- 
eerned ,=x¥t(Cle Hose es ). From Appendix I, this equation 


can be written in relative error form as 


| ; 
(FB) = (FB) ata *+ (AGH (ata)? (24a) 


Se NET are ott 
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and in absolute error form as 


6 Ps Z 
(SK) = coger Sass tee (aay ee ete 
ote. Oe Cr (A8b) 
2 2 
2 (AV_) Chr) 
2 (1+a) oO 2 
a ane ee oh Seal (1+a) 5 
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The Magnitude of Measurement Errors 


Measurement errors can be classified as nonrandom 
or enki on | Nonrandom error, also called determinate 
error or systematic error, is generally in one direction 
and tends to be reproducible from measurement to measure- 
ment seelLe 1sscausedsby bias sin ithe procedure» from the 
Operator, apparatus, or method. These can be avoided by 
modification of technique, equipment, or procedure. The 
other type, random error, is inherent to the measurement, 
and cannot be eliminated completely for a given system. 
Assuming there is no determinate error, then the measure- 
ment errors will follow a Gaussian distribution. By 
making several neasur semen te 2a iL ele cen ,N, and taking 
the average X, the true value is best approximated. The 


standard deviation s, for this set corresponds to the 


Xx 


uncertainty of a single measurement AX 
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If all measurement errors are random and their variance 
is known, the total uncertainty can be obtained either 
by (Ada) or (A8b) .« 

Measurement errors can also be estimated by 
Oller means. | POD exauplew a precision of Ll ppt can be 
estimated with confidence in Many vali quoting "and titra 
tion procedures. Use of such values is convenient in 
Predreting thesuncertainry AK/K Lor a typical "experimen— 
tak Lresuit. “On he other hand, the probable error of 
an operation for a given individual is quite easily 
obtained by inserting into (A8a) or (A8b) the measure- 
ment errors of that individual as calculated from his 
Sap lyewOrkK.  tietnts Way tne precision of Kican be 
estimated readily through (A8a) or (A8b) from only one 
set of measurements. 

The variation in the uncertainty expression 
AK/K with parameters Orman Cyscaly pe, GOCten vorly 
if the relationship between measurement errors and 
sample size is known. This relationship is usually 
too complicated to be evaluated. Measurement errors 
may vary or not with sample size depending on the 
source of the errors. For simplicity, only two of the 
most common cases will be considered: constant relative 
error (proportional error) and constant absolute error 
(constant error). These cases outline the general 


shape of the error curve. The former indicates a first 


B45) 
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order linear relationship between error’ and sample 
size, while the latter does not depend on sample size 
he Urs ka be 

HOrsagvOlumMetriCetitravion, whensathe quantity 
of sample to be titrated is relatively large, the 
precision of the measurement is limited by buret 
reading error, by aliquoting error (if the sample is 
measured out by an aliquoting procedure), by weighing 
errors and by end point acne In this instance, a 
constant relative error is likely. For strong acid- 
Base titrations -as well as for the Mohr method for 
chloride the overall relative error is on the order of 
l ppt. On the other hand, when the concentration of 
the sample to be titrated is low, a constant absolute 
error, determined by indicator sensitivity, titrant 
concentration, and the magnitude of concentration change 
ace the End point p~sLS kelly. =As-typical value for this 
error is about 1x107 "mM (im@pptfofs0ieliMasolutien) . 

The error in volume measurement V_ tomate 
experimental work done in this thesis is likely to be 
a constant relative error, and is estimated to be 1 ppt. 
Aseforic, the, error,can be! estimated, as foliows., The 
resin was titrated with 0.3 M,NaOH, and the error in 
end point selection owing to the strong acid-base reaction, 
estimated to be 0.015 nian must be included with the 


error in buret reading and sample measurement. The 
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overall uncertainty in volume is estimated to be about 
OSbeLrO.Oo2eml  aqiving anvabsolute error of around 0.04 
Med... Ss neauncertaincy of Ay is also estimated to be 

1 ppt. -In all experiments c was held at 40 meg, with 

H| 2 0-1 Mand ~ V_'= 200ml. Thus Ac/c = 0/04/40 = 10 ~, 
AV /V., = 1067; and AH O/H, = ema The following values 


can be inserted then into (A8a) and (A8b): c = 40 meq, 





‘ -3 

Vea VO. oa ml (since Ne ee ek = 1, AH /H, =10 ; 
Ac'/e' = 107° ana AV E/N TOM Sizer (A8a) WH/n = lon, 
and AC1/cl = 10°, while for (A8b), AH = 10°°M, and 
AC] = 10°°M. Then 

RC gomcganan ee eapacm 2 2 =( 2 

(—) =10 (lta) +10 ° {l+a)- (2+0) + 3x10 ~(1+a) (8a) 

2 6 2 2 
Be mcr ee Or ome fe Eat © (140,)4;_ (ab) 
K ee ere 


Results and Discussion 


The standardization of solutions and all measure- 
ment data are shown in TablesI a to e. Equations (8a) 
and (8b) are plotted in Figure 1 on the same scale. 

Cunve (botnet igure | shows: that) the constant relative 
titration error (Equation (8a)) increases as a function 
Ofjia. _The uncertainty AK/K in the measurementris low at 
small a, that is,when the ratio of acid added to the 
‘otal Capacity is small. Since it has been assumed that 


thée.relative.titrationserrors=AH/H-and-AGL/Clware 
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Table la 
Measurement of H. 25-ml portions of equilibrated 
solution titrated with 0.06219 M NaOH to phenolphthalein 


end point. 


Experiment A Hj=0-1M Experiment B HO =0-2M 
Epiaievol. Ob Have iertvallevol ore ilH. .M 
NaOH, ml + NaOH, m1 


OZO3 925 


























O21029 






O-10ar 





OT08930 






0303922 OFLOZS 






0.03944 OL 1029 





OeLOZ, 






0.03936 


Table, 1b 


Measurement of Cl. 25-ml portions of equilibrated 


So1UtLOneti trated with §O.1001 M AgNO.° (blank correction: 


3 
O202 mi): 


(corrected (corrected cu 
for blank), foc blank), 


O.899 15 0.1880 


0.09929 0.1877 
eye es : Oe Le Be 
OZ09920 0.1874 


0.09938 0.1874 
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Table lic 


Measurement OF Va. 


Experiment A Hj=0.1M Experiment B H=0.2 M 


density at 20°C=1.0019° density at 20°C=1.0037% 
Wit On wt 
HCl solu- HGl solu- 
tion added, tion added, 
g g 
200.580 200,901 
200.500 200.630 
ZOO e390 : ZOO nO 


200 2320 200.519 





200.230 2O0eI 31. 


Interpolated values from Handbook of Chemistry and 
Physics,47th Ed., Chemical Rubber Publishing: Coss 


Gleveland .U+s Aa pe Diaz, 1967. 


Table id 
Measurement of c by titration with 0.3014 M 


NaOH to phenophthalein end point. 


Experiment A poe =O- Experiment B Hj=0.2 M 
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Table le 


Measurement of Ho bY Sti tration Gf 25-mi portions 
of equilibrated solutions with 0.1023 M NaOH to phenol- 


phthalein end point. 


Experiment A Hj7O-1M Experiment B Hj=0.2 M 


0.1046 | On2024 
0.1045 OnZO2s 
0.1046 O22027 
0.1048 Ome L2 


0.1045 0.2023 
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O by standard deviation 
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A. calcylated by A&a, b | 


tole 
0 1 2 
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Figure 1. Plots of relative uncertainty AK/K against a... Curve I, onstant 
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. relative measurement errors as calculated by Equation 8a; II, constant 
absolute errors by Equation 8b; Ia,IIa, with measurement errors double. 
that of iyil. 
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constant and do not depend on sample size, the precision 
Of and sCliwill °be: the same wnethers Bois large-or 
small. Nevertheless, values of NaR obtained from (c/Nav) 
will have higher precision at low values of B, where 


c¢ >> NaV. The limiting uncertainty when (B/c') approaches 





zero is 
ie 6 425 “6 =6 
lim. (—) -=10 +4x10 ~ + 3x10 = 8x10 
K 
520 
are (AB) = 2.8x1072 eo eI Cee 
owt Shhh in 


As B increases, and the resin is converted to the, H’ 
form, (AK/K) becomes Fargespecause, of the difriaculty in 
obtaining accurate values of Nar. 

| On the other hand, curve II for constant absolute 
titration error (Equation (8b)) shows a quite different 
shape. The minimum in the region of 1.1 to 1.15 fora 
COETESpDONndSs COy alte conversion Ee Er Fe ais | neeance on 
c' as well as a. The tremendous uncertainty observed at 
low values of a, nes tneraddr1 clon Orracic ise smalls 11S 
caused by the large relative error in the measurement of 
He and Cl (AH/H, AC1/Cl). This is because a constant 
absolute titration error (AH,* AC1l)-is assumed. If 12 
is the maximum uncertainty in K hat can be tolerated, 
measurements should not be made at values of a < 0.4. 


The increasing uncertainty at large a comes in the 
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measurement of NaR, again because of the large relative 

error in the measurement of fT and Cl under these 

conditions. Compared with curve I at moderate values 

of a, curve II has a smaller value for AK/K because 

the relative error in the measurement of Ht and Cla vat 

high concentrations is small. 

The uncertainties in the values of AK/K obtained 
experimentally as the standard deviation for five measure- 
ments by the stoichiometric method and by calculation 
from Equations (A8a) and (A8b) ayers the experimental 
standard deviations are compared in Table 2, and are 
plotted in Figure 1. The excellent agreement between 
the experimental points and the calculated points supports 
pte validity of (a8a) and (A8b). The small difference 
observed may be caused by one or more of the following: 
i) The presence of determinate error in one or more 

measurement steps. 

ii) Even when the measurement errors all are random 
in nature, the error in K is not necessarily 
random due to nonlinear propagation of error ie. 
However the bias thus produced is usually small 
and can be neglected, so that AK can still he 


approximated by a Gaussian distribution. 


Ailes) Lf the value jor Ak is farge; then 44 
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iv) Number of measurements is so small that the 
average value is not equal to the true value, 
and AX # Sy- 

v) The assumption that K = iby used in deriving 
(Mea)vand (ASD) eacenoc valid. 

As mentioned before, the absolute titration error is 

likely to be constant at low concentrations of H’ and 

Cl (low a). The variation in uncertainty with a is 

probably best represented by curve II ata < Ge) poand 

DyeCULVG mm sated 270.9. “This is ipeeoeatcrnbee by (the fact 

‘that measurement A at a = 0.5 lies on curve II while 

measurement B at a = 1 is "closer" to curve I than 

curve II even though the deviation from both curves is 
large. This large deviation is due to greater measure- 
ment errors than the estimated values used in (A8a) and 

(A8b), especially in the sensitive term AC1/Cl where the 

measurement error (standard deviation of 5 measurements) 


1 jieGeae 


1%10°". 


instead of the previously assumed value of 


The uncertainty AX/X can be reduced if more 
measurements are taken and the average is used instead 


of a single value, since 


where s is the standard deviation for a single measure- 


ment and s, is the standard deviation for the average 
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of N measurements. 

For example, the error in H is estimated to be 
1 ppt for a single measurement, but reduces to 1 ppt/V10 = 
O.3 ppt for ten measurements. Thus it is advantageous to 
nsewtarge yolumes of equilibrating solution (large-V), 
exther by increasing V_ or Vo, andedo thes ta tration sthree 
times or more so that K calculated by the average will 
have a higher precision. 

Values of Keobtained by the stoichiometric method 
are compared with those by the Asian method in Table 
ar The reasonable agreement indicates that the 
stoichiometric method is a valid method of measuring kK. 
Assuming measurement errors to be known, Schartz°? 
used a Monte Carlo simulation to generate numbers which 
could be processed by: a computer program to obtain the 
value of the uncertainty numerically without the neces- 
Sity of solving the error equation explicitly. Use of 
an approximation method of this type is the only resort 
when the error equations (A8a) and (A8b) become too 


complicated to be solved analytically. 
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Table 


Comparison of K values obtained by stoichiometric method 


and dynamic method. 


———o a b 
u Xa K K K 
stoichiometric dynamic batch 
method method 
Se O56 ORG 7 0.67 
Jal Oes6 02 66 
Omel 0.68 OF 69 0.68 0.69 
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CHAPTER ELI 


SORPTION OF TRACE AMOUNTS OF HCl IN THE PRESENCE 


OF NaCl ON DOWEX 50W x8 CATION EXCHANGE RESIN 


Background 


Solvent Uptake and Osmotic Pressure 

When a conventional gel-type resin is in contact 
with water, either in the form BE water vapor or liquid 
(water or aqueous solution), it will take up a certain 
amount of water and swell in volume until equilibrium 
has been achieved. The driving force for water (solvent) 
uptake is the solvation of mobile and fixed sonicesites 
fnethes resin, and the tendency of ions in’ the resin 
phase to undergo dilution. The behavior of an.ion exchange 
resin can be compared to a semipermeable membrane 
separating pure water and an aqueous salt solution in 
which water will pass from one side to dilute the salt 
solution, creating an osmotic pressure on the solution 
side to counterbalance the solvent flow. A similar 
high osmotic pressure is developed in an ion exchange 
resin. Because the resin is relatively rigid, the volume 
increase of the resin due to water sorption results in 
a Significant strain in che resin. This iter mal -osio— 
tic pressure may reach 500 to 1000 atmospheres 


depending on the degree of crosslinking, so that the 
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swelling resin can burst a sealed container. The thermo- 
dynamic treatment of membrane equilibrium involves use 
of the concept of chemical potential. A similar treat- 
ment can also be applied to a batch of resin brought 
into contact with water. The equilibrium between resin 


: : 5 80a 
and water in various states can be written as R 


ie 
RT ln = = piVeet (Rial n a, Resin/water vapor (9a) 
Sea eee Ua Ete Resin/water (9b) 
Nee AI ie) a / 2, Resin/solution (9.c)) 


where 71 is the osmotic pressure, 

the partial molal volume of water, 

a, the water activity in the resin phase, 
the water activity in the solution phase, 
P _ the partial pressure of water, and 


the atmospheric pressure where the standard 


Ity 


state is defined. 


Upon sorption of water, the resin will show a 
volume increase owing to the volume of water sorbed and 
the stretching of coiled chains of polymer matrix as a 
result of decreasing ree  en chains with 
water sorption. An increase in resin volume is counter- 
acted by the elastic force of the matrix, which tends 
to contract the resin, as well as by the configurational 


entropy which tends to increase also on contraction of 
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the resin. The equivalent volume of the swelling resin 
V, water sorption,and osmotic pressure can be inter- 
related by Equations (9a) to'(9c)',and the empirical 


: 80a 
equation 


Wheres age Siiche. Clasticityeof,thei resini,, and Desist tie 
volume of unstrained resin. The magnitude of avlo> 
creases with the degree of crosslinking, while that of 
b is independent of crosslinking. 

Since water molecules in the resin phase are 
bnder sthe;tintluence of a region of high charge density, 
the physical properties of sorbed water are quite 
different from those of external water. This has been 
shown by NMR measurement®!, where three peaks“ are 
obtained for resins suspended in water; one is attri- 
buted to external water (water located at the resin 
surface), one to internal water, and one to bulk water 
(water not affected by the resin). The last peak is 
not observed in measurements made on settled resin. 

The chemical shift with respect to external water, 6 

[6 AY H,07 Vint H>0) 760 ppm], is greater than Zenones 
that is, the internal water peak is shifted upfield with 
respect to the external water peak. This indicates that 


hydrogen bond breakage has taken place in the internal 


water. Internal water tends to cluster around the polar 
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groups of the resin and form domains of, different sizes. 
Hydrogen bonding is thus not so extensive as in exter- 
nal water, especially when the extent of water sorption 
USescmabkleee.g.,.thenresinijisshighiy crosslinked. 


The line Pathe aaa 


of the internal water peak 
is greater than that of pure water. This is probably 
due to magnetic field inhomogeneities in the resin 
and to restricted internal water motion which causes 
a decrease in both transverse and longitudinal relaxa- 
tion times. The exchange lifetime of internal and 
external water is approximately 13 sec and depends on 
resin particle Bic ae 

The water-vapor sorption ieocherne. ereiron 
exchange resins at different crosslinkings indicates 
that two types of water in the resin phase can be 
distinguished. In the first water uptake step, the 
sorption of water does not depend on the degree of 
crosslinking, but does depend on the nature of the 
counter ions on the resin. The volume of the hydrated 
resin is less than the sum of the volumes of water 
sorbed and the anhydrous resin. Also, the heat of 
sorption is on the order of 4 kcal/mole. Both of these 
observations indicate strong interaction. The quantity 
of water sorbed in this step is 4 moles?” per equiva- 


lent.or -Less 7 yiependinghon thesion sseiters abeélieved 


that the water entering the resin at this stage is 
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Chiefly water of hydration, which hydrates the counter 
ponseitie thes resinvand,etovamlesser extent, the fixed 
ionic groups? ”. In the next stage additional water 

when added enters the resin as free water. The result 
of free water uptake is to dilute the high concentration 
Of ions in the resin phase, build up osmotic pressure, 
and swell the resin. This uptake of free water is 
affected by crosslinking, in that a low degree of cross- 
linking permits increased water sorption. The absence 
of interaction between free water and resin is confirmed 
by the additivity of volumes and the low heat of sorption. 
Because exchange is rapid on the NMR time scale, NMR 
Cannot distinguish between these two types of internal 
water. Nevertheless, Ismatullaev’ ° was able to dis- 
tinguish among three different kinds of water ina 
sulfonic acid resin by differential thermometric analysis 
(DTA). Three endothermic peaks were found for a resin 
which had previously been dried in a desiccator. The 
first peak at 5055°C corresponded to osmotic water 
(free water), the second at 105-115°C to adsorbed water, 
. and the third at 175-185°C to hydrated water. The bond- 
ing of adsorbed water and hydrated water to the resin 

iS SO Strong that it 1S) not_ affected by ultrasonic 
oscillation, whereas free water absorbs ultrasonic 
energy readily?°, Yamabe’+ even reported a desulfona- 


tion peak at 300°C which can be used for the determina- 



















: : ‘ » 
t sateseed toi cty THA YR So rai aw yitekis 
“tet? .gneake wesael a) Che ee cede ee 
otOm Ht teedT. SER ciuisenay. okitot 7 
142 eagda9 boebbs rieiciee 

ree Vr Swideaerts aur os Bi Sue Satan eax rom 
iesy ary fb Bnod to 7 | 
1? do .co 7 APLESS one i fews’ bre 
a —— ' /tjieaows yd besuetaae 
ti 2elioueq gakanee 
no: se san? Tie 
it © ted {© (dive tobe ots ve 
* ee cesnbeg 
2300 Je4, pie oese TOUS: 
22slotateyet . see 
> 
it 16. J Ode | 21Stotaud 6aany oncom de repiit es 
sty i4 i cstat ene oy chal bios of nb kite 
tn stdobesS sendy (ane 
mMriIrt mete \( anodeeyg bea dokete 


S92RW Olicite 12 oOshnods aang SS ie Asag dae 


,aetaw bedrartae « 









y 2" e€fi=20i spt etn oh mies seey oot 3) 






= ’ _——< 






aT) 


- bs sad ye eae Bi Sasetoy sd ve vinehe *” bula>, Ag 


! 47 










i 





~ 
—— _Y - : aes 6 2 2 : i 


fv Sars a 7 ni uy 0 DAE oA an 


54 


tion of the capacity and ion exchange constant of a 


: tek. Hf 
SULronece acta ereSi InVOLVing nf, 


Models of Resins 

The behavior of resins can be treated thermo- 
dynamically without assuming any model; nevertheless, 
the use of a model is helpful in elucidating abstract 
fhermodynamic ideas, and also in simplifying the problem 
bY SIncorporation Of the particular, properties of a 
Specific model. Because none of the various models 
used to describe ion exchange resins is satisfactory 
in all respects, it iS sometimes advantageous to combine 
the non-contradictory aspects of several models. It 
may also happen that one model.can account reasonably 
for resin behavior under one set of conditions, while 
another model must be used for another. For example, 
the homogeneous model can be applied to resins that have 
high solvent sorption and slight specific interactions, 
whereas the heterogeneous model is better for the 
opposite case of low sorption and appreciable specific 


interactions. 


1) Quasi-homogeneous model 
In this model the resin is regarded as consisting 
of only one active phase, a liquid phase containing 


internal water, counter ions and fixed charge groups, 
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which behaves like a concentrated solution. A second 
phase, consisting of a solid matrix which normally is 
econsidered, to ibe anert, does, nol. take part in any 
reactions, and therefore is not involved in the cal- 


culations. 


i) Gregor's ode ate 


Gregor's model assumes that there is no inter- 
action in the resin other than osmotic pressure, and all 


ions in the resin are hydrated. Then 


Rian Ka sa = mV = uy, (10a) 
where Van and Ven are the partial molal volumes of the 
hydrated ions A and B. The ion exchange constant is 


directly related to the difference in the hydrated 


volume of the two ions. 


ii) Glueckauf's node eo 


The lack of knowledge of hydration parameters 
has led to a modified Gregor model in which an unhy- 
drated counter ion is used as the standard state. [In 


this model, the swelling effect is less significant. 


es r = Pr 
Ra Dr Kaya = m(Vy Vp) (10b) 


where Vn and Vp 


dehydrated ions A and B. K 


are the partial molal volumes of the 


B/A B/A 


through activity coefficients in the resin phase. 


and K are, conmelated 
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There are also models which drop the osmotic 
PLecssures@term by choosing a standard state for the ion 
in the resin that is the same as that in solution. 

The choice of standard state is quite arbitrary and 


Will not be considered here. 


2) Quasi-heterogeneous model 

In this model the resin is regarded as a single 
solid phase possessing fixed groups on its surface in 
a manner Similar to the active sites present on the 
surface of an adsorbent material. Counter ions are 
localized at individual fixed groups and held by elec- 


Erostatiecerorce: 


Petarris and Rice TOgea 


This is based on the earlier Katchalsky moderna! 
in which the configurational free energy of a charged 
polymer and the free energy of interaction along the 
chain, both treated in terms of polyelectrolyte theory, 
are used to account, for selectivity, osmotic pressure, 
and internal activity coefficients. Harris and Rice 
modified this model by adding a third free energy term 
that depended on the ion pairing of counter ions with 
fixed ionic groups. They assumed that some counter ions 
are bound to the exchange sites in the form of ion 
pairs, and that different counter ions have different 


bounding abilities, described in terms of binding 
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constants k,. The overall energy of reaction, then, 
is defined by 


S> Scone”) * Sinteraction Y8y)t bo LD ght c;? 


where N. is the number of sites bound in ion pairs with 
Ton” i> and Cc. is the external concentration of ion i. 
Equilibrium is determined by minimizing G with respect 
to N,. This model is not satisfactory in explaining 
reversal (Kap changes from greater than 1 to less than 
1 with percentage of loading) and lacks a mechanistic 
point of view. 

The i0n pair concept was also adopted by 
Arkhangel'skii’® to develop a similar model in terms 
of bond energy and thermal energy. Comparisons of oe 
Spectra of resins in the dry and swollen (wet) state 
show that sulfonate groups are completely dissociated 
in the swollen state and that no sign of binding can be 


seen. Ion pairing implies a kind of labile interaction 


and is highly.non-realistic. 


ae!) Pauley?” and Eisenman TO a ne ae with 


103,104 modification. 


Ling's 
This model emphasizes the electrostatic inter- 

acelon, AGar between hydrated counter ions and fixed 
charge groups which can be treated as non-compressible 


point charges by Coulomb's law. As a counter ion 
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approaches a fixed group, the hydrated water may be 
partially stripped to allow closer contact. The 
additional free energy required to remove the hydrated 
water, AG. is nearly equal to the hydration energy, 


but opposite in sign. 
AG = AG, + AG. 


AGayp ~~RD In Ky p= (AGE), - (AGE) B+ (AG), - (4G), 


2 2 
Sweep eke rrr wt ee Se), ein (AG. hs 


cr Ta and r, are the effective radii after water 


where r 
Stripping Of the Lixea group, 1oOn A, and™“ion B. "The 
selectivity depends on the relative magnitude of the 
hydration energy and electrostatic attraction. For 


large fixed groups (large r as sulfonate groups), 


Ga 
selectivity is determined solely by the hydration energy, 
the resin preferring ions of lower hydration energy. 

Peco eeventu a norman edi tatecy sequence p> -Cs > Kk Na > Li, 


BesU Les. Ge erOUner Hand, when r+ is -small,as in a 


Cc 
carboxylate resin, electrostatic attraction is the key 
factor in determining affinity. The resin may then prefer 
small bare ions and a reversed sequence, Li>Na>K>Cs, 
results. This crude model has been modified by Ling 


to take into account the effect of ion-induced dipoles, 


dipole-induced dipoles, and London dispersion interaction. 
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Changes in dielectric constant in the resin phase have 
also been considered. Effective radii were calculated 
by the equilibrium distance between two ions using the 
Born equation. Kuznetsova??? has greatly simplified 
the various expressions and has provided an explicit 


FOr. 


iii) Miscellaneous models 

Russian workers have worked out a couple of 
models which are useful in explaining some resin 
phenomena. A loose quasi crystal moe eee which 
states that counter ions are highly localized near the 
exchange sites and can only migrate to other exchange 


Srtes DYealactivated jump) over a period) Tf is good 


a! 
for explaining the temperature dependence of internal 
diffusion coefficients. A two-dimensional “scene, 
making use of the analogy of a resin to a two-dimensional 
surface, can predict selectivity by means of. the 
Zhukhovitskii-Evans-Guggenheim equation for a two- 


a€imensionaimsuritace. The surface tension of the resin 


phase is involved. 


Purpose 
Ion exchange chromatography is widely used as a 
technique for separating mixtures of electrolytes. 


Among other factors, the apparent ion exchange constant 


#2) 
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K and the exchange capacity Ceare,yOr primey amportance 
in determining the retention of individual ions in a 
column. 

Tne theseluriton of esmavl quantities of HC] from 
a strong acid cation exchange resin with NaCl solutions 
at various concentrations, the retention volume Veen 


R 
HCl can be described by the formula, 


vVi=v{1 amount of solute in stationary phase 
-R —-M amount of solute in mobile phase 


where V,, is the volume of mobile phase (void volume) in 


M 


the column. This assumes the distribution constant Kp 
does not change with solute concentration. Thus, for the 


exchange reaction 
Hae aNeees one + Nal 
the apparent equilibrium constant for the ion exchange 


Peactrone hers equaleco 


H [Na‘] 
Nar [Ho 


and the retention volume V, (ope Yo(Galo suo 


K 
Vesa A lee eee ere ee (11) 


(H1y,) 9 [Na"] 


where H#’ is the milliequivalents of H* in the resin 


(Liembar denoting hectiepiase) caideC 1s the total 
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exchange capacity of the resin in the column, fae 
in milliequivalents. 

A similar equation has been derived by 
Rachinskii®®. Under conditions where the amount of 
ne solute present is small compared with the amount of 
eluting Na’ electrolyte, the Borian is virtually com- 
pletely in the Na’ form. The apparent eguilibrium 


constant K can thus be defined as K and should 


=(Xyq = 1) 


be independent of the concentration of [H ] over a 
considerable range. In this case the shape of the 
elution peak should be GausSian, and the retention 
volume is predicted by Equation (11), provided the flow 
rate is sufficiently slow relative to the exchange rate 
that the dynamic Gapacity. ~~ does not differ signifi- 
cantly from the static capacity. 

Experimentally a severely skewed elution peak is 
observed with a retention volume on the order of twice 
that predicted by Equation (11). Thus a mechanism 
other than exchange must be taking place. The purpose 
of this work was to investigate the nature of the 
mechanism. This was done through use of both a 
chromatographic method and a column equilibration 
method (called here a dynamic method) to measure 


independently values of H The results of the 


+ 
fe 
measurements are discussed in terms of the quasi- 

heterogeneous and quasi-homogeneous models described 


previously. 
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Experimental 


Determination of Single Electrolyte Sorption 

The general method used has been previously 
describeatt®, A 20 cmx 0.5 cm i.d. glass column was 
used. The resin was washed in the column with 3 M 
NaC itor lehour, then wrth distilled water for another 
half hour. Next an NaCl solution of known concentra- 
tion was passed through the column for about 45 min. 
The solution in the void volume was removed by vacuum 
suction for 10 min, then the column was washed with 
distilled water; a-stirrer of stainless steel wire was 
used to remove air bubbles. Suction times of more than 
10 min did not change the amount of chloride found. 
About 60 ml of eluate was collected and the total 
chloride determined by coulometric generation of silvertt 
The coulometer cell consisted of a silver indicator elec- 
BeLOde sams tL Ver, Gecrating electrode, a i M calomel refe- 
BenCemercClLOue, ae platanumaewire in 0.5 °M HNO, as counter 
electrode, anda 0.5 M KNO, salt bridge. The electro- 
An equal volume 


lyte was 0.4 M NaNO. and 0.05 M HC1O 


3 4° 
of ethanol was added to the eluate to decrease the 
solubility of AgCl. The Ag anode and counter electrode 
were connected to a Leeds and Northrup coulometric 


analyzer and the indicator electrode and calomel elec- 


trode to a Metrohm Model E-436 automatic titrator for 
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recording potential vs. time. The NaCl molarities used 
in the column equilibrations were 0.08994, 0.1501, 
0.2002, 0.2499, 0.3076 and 0.3298 M. 

The void volume V_ was measured at each Nacl 
concentration by bringing the NaCl solution level to 
just above the resin, and then washing with water. The 
washings were collected and analyzed for Cl; the results 
were corrected for sorbed Cl as measured previously. 
Vi, Was then calculated by dividing the corrected Cl 
content by its concentration. The sorption of HCl was 
determined ina similar fashion, except that the resin 
was converted initially to the hydrogen form with 3 M 


Hebets read.Oo£ to, the sodium. form. 


Determination of Ion Exchange Equilibrium Constants by 
a Dynamic Method 

This method has also been previously described ~ 
The column was first equilibrated with a mixture of 
NaCl and, HELSorL varying molarities, but with the 
pont Cee rengthe he ldeconstant. at either 0 20/ 50150. 2. 
The pH of the eluate was monitored with a glass elec- 
trode, then the column was washed with 50 ml H,0, 
followed by 0.77 M NaCl until the effluent tested 
neutral. The HCl in the NaCl solution was titrated 


with 0.15 M NaOH. The total exchange capacity of the 


resin in the column was determined by an indirect 
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methoa’?, The column was converted to the hydrogen 


form with 3 M HCl; after washing with water, the te 
was replaced by Na* with wan NACL, sana the HCt 


tecratea with OLS M NaOH. 


Determination of Trace Amounts of HCl on Dowex 50W in 
the Presence of NaCl 

Both a chromatographic method? and a column 
equilibration method were used. In the first method, 
varying volumes of 0.062 M HCl were placed on a column 
that had previously been converted to the sodium form, 
ends the sgiCl eluted with NaC]. (The pH of the effluent 
was measured using a pH meter and recorder, with the 
glass electrode arranged as shown in Figure 2. The 
retention volume was obtained from the pH vs. volume of 
epueirtereracinc:. 

ine chessecond method, mixtures of NaCl™ and HCl 
in water were passed through the column until the pH 
of the eluate reached a steady value equal to that of 
the mixture being added. The level of solution at the 
column head was then brought just to the top of the 
resin and the acid in the column washed out with 0.77 
M NaCl. Approximately 60 ml of eluate were collected 
and the hydrogen ion titrated coulometrically in 0.04 


M NaBr? +3, A large platinum gauze working electrode 
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Figure 2. Arrangement of electrodes for 


monitoring pH of ion exchange column effluent 
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was used, together with a looped silver wire counter 
electrode. The end-point detection system consisted 
of a glass electrode anda 1 Mecalomel selectrode. 
Extreme care had to ae taken to prevent co, 
absorption from the air. Purging the solution with 
nitrogen caused low results when a known amount of 
acid was titrated as_a test of the system, possibly 
from trace alkaline impurities in the nitrogen; on 
the other hand, high results often were obtained when 
the nitrogen was scrubbed with acid. Ascarite-CaCl., 
drying tubes were used in the column head and on the 
Storage bottles of all solutions passed through the 


column. 


Results and Discussion 


Sorption of Electrolyte 
The sorption of strong electrolytes has been 


measured by Pepper, Reichenberg, and Hale using a 


batch method with phase Becarauicne The distribu- 


tion constant K can be satisfactorily described by 


=D,Y 


the expressionti5,116 


(d 2.) 
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where M,, is the molality of coion Y in,.the resin 
phase, 
My is the molality of electrolyte in solution, 
is the charge on the coion 
m, is the molality of the fixed charge groups in 
the resin, 
Yes e: arestnermean 1Oohbacaactayity coecifticients 


Ofathe electrolyterin solution» and, resin, 


(oy | 


, & are the activities of water in resin and 
solution, 

Vay vw are the partial molal volumes of electro- 
lyte AY and of water. 


Weer. 
Beecoom cemperacture, (a /a,,) Sar be 


varies only from 0.5 
to 1, depending on the swelling pressure, so it can be 
treated as constant over a considerable concentration 
range. Unexpectedly, Pepper and coworkers found that 
ie BenOsm@LOgdOntOsd=smar! Value ate inninttesditution of 
AY. This anomaly was explained by Freeman ~/ in terms 
of incomplete phase separation, non-Donnan sorption and 
inhomogeneity of the resin oh However, Boyd and 
Buneioe using radioisotopes and a stoichiometric 
method that did not require resin-liquid separation, 
demonstrated that in increased to a constant value close 
to unity in dilute solution: 


In the experiments reported here, sorption was 


studied under conditions closely resembling chromato- 
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graphy. Coulometric titration enabled measurements to 

be carried out using small quantities of hydrogen ion. 
Molality is not a suitable unit to express 

electrolyte sorption in the column because only the 

total amount of sorbed species, and not the concen- 

tration, determines the retention of solute. If inter- 

nal molality is to be used, the amount of solvent taken 

up by the resin at different external electrolyte concen- 

trations has to be known exactly. This can be measured 


120 


either by NMR or by weighing before and after drying 


over P5Oc, buc the procedures are nowsimple Use of 
units of milliequivalents of electrolyte sorbed per 
milliequivalent of exchangeable groups in the resin is 
convenient and practical for chromatography. 


As compared with Boyd et Teas and Pepper et 


sale ae the milliequivalents of sorbed electrolyte found 


in this work are significantly larger, though the 
isotherm is still of the same shape. The higher value 
may come in part from adsorption on the glass walls of 
the columns or the resin matrix,and also from the thin 
film of liquid remaining on the surface of the resin 
beads after the solution was removed. The film on the 
bead contains about 4 to 5-802 the,total amount of 
electrolyte present in. the solution outside the resin 
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particles me ot ee ee 


; against con- 
concentration 3 


centration (Figure 3) gives straight lines for both 
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Figure 3. Plots of the ratio of amount of ion sorbed 
to ion concentration against concentration for Nat 


and H* as NaCl and HCl 
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NaCl and HCl, with non-zero intercepts. By least- 


Squares analysis the data fit the empirical equations 











ak 
H 

“—=0.221 (Ht) j1+2:° | = 0,221 (ut) + 0.442 (13) 
[H ] [Heal 

+ 
Na 

Se a iNa 1 eo. 418 [Natt 0.398 (14) 
[Na ] [Na ] 
In these equations He and Nay ake expressed.in-meg/16.9 
meq of resin and [Na] and ary im Mo(meq/ml) i It has 
been illustrated by Boyd and Bunz1tt? cChaty the serption 


of electrolyte is governed by a Donnan equilibrium 

where ib eLedses LOelLineawiute solutions,..and sorp- 
tion increases with the square of the external concen- 
tration if the--error due to incomplete phase separation 
is eliminated. AME Powel Of less than 2 and a value for 
ie: of less than 1 had been obtained by previous 

authors '1?, These. results were attributed to a small 
volume of solution adhering to the resin, rather than 

Lo vinhomogeneity and to impurities in the resin.. In 

the sorption experiment, the phases are separated by 
vacuum suction under reproducible conditions. The thin 
film remaining on the resin is assumed to be the same 
for every run, and thus constitute a constant background 
to the MP/ iM" term. This is confirmed by the constant 


and nearly equal values of the last term on the right 
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hand “side of (13) ¢and (14). Thus, 0.442 and 0.398 
represent the volume of the film remaining on the 
resin. This volume can easily be corrected for by 
emafting the inessin Figure 3 sso-that they. pass 
through the origin, in effect deleting the two terms 


0.442 and 0.398. Then (13) and (14) can be written 








as 
mi F | 
s— = 0.221 [1] (13a) 
[H ] 
and 
Na? a 
a) 4 Siar] Naan] mee (14a) 
[Na ] 
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Equation (13a) agrees with previous work within 
experimental error, which is on the order.of 110%. 
Therefore thé vacuum suction method of determining 
electrode sorption is considered to be valid. 

Me was found to vary slightly with sodium ion 
concentration over the concentration range studied. 


An average value of 3 ml was used for all calculations 


firecot se chapter. 


Ton Exchange Equilibrium Constant K and Total Exchange 


Capacity © 
The apparent equilibrium constant K can be 
‘determined in a column or batch-wise by replacing 


the counter ions present under equilibrium conditions 
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by a third ion, and measuring the two. replaced ions. 
Only one titration is required if the total exchange 
Capacity of the resin is known, the amount of the 
second ion being found by difference. This method 

is fast and accurate as long as the difference is not 
too small. Use of a glass electrode monitor to deter- 
mine when equilibrium has been obtained is critical, 
Since equilibration takes at least an hour and the time 
required for equilibrium increases to three or four 
hours with decreasing HCl concentration. 

The total exchange capacity is found by titrat- 
ing the displaced hydrogen ion. This method is more 
Teitables than that) of. direct. titration of the resin in 
the hydrogen form with NaOH, which may give an early 
end point due to slow exchange, especially near the end 
point, or to indicator adsorption. All measurements 
were made in situ, so the resin did not have to be taken 
out of the column and the chromatographic parameters 
were not affected. When measuring K, ceoiseri butions of 
Na’ and H’ may occur during the washing step and the 
composition of resin thus change. Gorshkov??° has shown 
that redistribution errors are most serious when counter 
ions have different charges, when sorption capacity is 
high, and when the flow rate is large. For Na’-H™ 
exchange at low flow rates and low levels of ionic 


strength, the redistribution error is negligible. 
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Three measurements of total exchange capacity 
gave values of 16.89, 16.90 and 16.92 for an average 
of 16.90 +£0.01. The ion exchange constant K was 
measured for various ratios of nat to -H’ atG.two Lonnie 
strengths, 0.07 M and 0.2 M (Table 4) and plotted 
against the mole fraction of Na’ in the resin, Xa t 
in Figure 4, It is seen that K depends on both the 
ionic strength of the eluting solution and the percen- 
tage of Na* in the resin. This change of K with _ 
has been investigated by several workers. Recently 
Meares and Thain 2 used a rigorous thermodynamic 
approach proposed by Gaines and Thomas??? to calculate 
thermodynamic K values. This approach tacitly assumes 
the quasi-homogeneous model, which is weak in dealing 
with the variation of K with percentage loading. 
Kuznetsova? used an electrostatic model and Legen- 
chenko!44 a statistical model, both heterogeneous, to 
offer a plausible picture of what takes place in the 
resin, and predicted qualitatively the variation of K 
with ee Of these models, that of Legenchenko provides 


the best explanation for the curve in Figure 4 by ex- 


pressing K as 


Ss =2 
logs s— a a. bx, is CX, : 


This approach assumes that extra stability is gained by 


formation of clusters of counter ions in the’ resin. 


10s: 









r4donGRD  eniterioxe iLaJle my Ra cet rdtet adien nt 


2.01, 28.00 20 seu ley erag a 
= - 
cio? .14.9° 668 aa 8 
;“4 Ors 4! DoIeeson 
; RY Pi _ 
na ie “2 
, 
r t 73. ST dat 
4 bare = 
aloropiay & Seay "eta ad tas) gee 
en. : = 
332 BOI fosoxsdag 7 
- 
7 F9e | Lenny bomyeantg 
Tebow d~ feewg ise 
i wie? . By “3 ts iw 
Prac. swosvented. 
| e 
| st ipésete a oAnetio 


ae . - ss aon 
. : ic. i) stp Begetipay tue Flee 


oO calvedon inst Jo tert .elenee eee 96 gat sat a 
of il 742 ut  240piG G2 rovsauh ots. a6? Solosoniqas — 
’ : 7 = . ) 


, —— : 







7 












tone) Aad ey” st. <a 7 
. #3 ; 7 soe. ae & biiaven 


74 


0 


Sh ian SS 
0:2 a 0.6 08 





Figure 4. Plots of ion exchange constant LO silane 


epee ee exchange on Dowex 50W X 8 as function of 


the mole fraction of resin in the Na’ form at 


ionic strength 0.2 and 0.07 
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Both curves extrapolate to nearly the same 


interceptyatux=.o= 2, soaks 


Na Nee $4) varies only slightly 


with total ionic strength under the experimental con- 
ditions used. The value of Ky =a found in this work, 


Na 
0.87, compares well with values of 0.84 obtained pre- 


viously by Myers and Boreee and 0.87 by Bonner and 


Pherty NSIngebowex 5bUsa<Seate 25°C, 


Proposed Mechanism for Additional Hold-up of HT 

In the column equilibration experiments the 
resin was brought to equilibrium with solutions con- 
taining 107° and 10? M HCl and 107+ to 1.2 M NaCl. 
Thus the resin was virtually completely in the Nat 
form. Though ion exchange equilibria of this kind 
have been studied extensively by other workers, little 
information has been reported in the region near 
X = 1. When i 1 is obtained by extrapolation, 
use of this expression to calculate HE gives only the 
ey replaced in the exchange sites by Na’, and not the 
total amount of solute HCl held up by the resin. By 
coulometric titration of the eluted HCl, accurate mea- 
Ssurement..of the total HCl became feasible in the end 
regions. The quantity of HCl measured ranged from 6 
to 200 ueg in 80 ml of 0.77 M NaCi solution, and could 
be titrated accurately to +1%. No blank correction 


= 


was necessary down to 10 MeneCre ie) feqein acQ em 
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solution). The results are shown in Table 5. 
Values of Hy can be calculated by subtracting 


the dead volume term v fH] from the measured value 
at a Re ! oe 
H,,. Plots of log H, /lH J against [H ] at different 
eoncentrations,of NaCl ware,shown ineFaigure 5. «The 
deviations, from linearity indicate that the quotient 
Q= H, [Na‘]/c[H*) TS noe sconstantee Lach curvesnis 
extrapolated to zero Bee ily: then the values of Hue Tui 
are plotted against [Nat] 7+ at various [H"] levels to 
give a series ‘of parallel curves (Figure 6). The 
measured value of Hee a is greater than the value 
ai te! ATOR calculated by V_+ kK, G/iNa’ |, the 

= lt —Xn 5 =e 
difference decreasing with etal This difference, 


= - _F 
Bey (He 


Jeeta yp or HL/({H'], confirms the existence 
of another mechanism besides replacement of Nay in 
strongly acidic exchange sites that may hold up solute 
HCl in the column. This mechanism cannot be Donnan 
sorption of single electrolyte, as if HCl were present 
alone, because the additional hold-up, Ht/ (HT), is much 
Greater thane that Calculated by Equations, (1L3ajge.tda): 
From Figure 6 it can be seen that HY/[H* does not 
change with [Na‘] when [Na] is less) than 0-oEM 7s buc 
decreases tremendously at higher Na™ concentrations, 


approaching 0 as [Na*] approaches 1 M. 
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Table 5 Total Sorption of HCl at Various Concentrations 


of HCl and NaCl 














"corrected value taken from curves in Figure 6. 


By extrapolation in Figure 5. 








+ + 
a Hs Hy! 
[H"] pm [Na"],m 9 Hiv, ueq [HJ (H"] 
11.09 0.1000 165. 152. 156 
0.2000 90.0 85.0 a7 
0. 3000 Tne 64.8 64.8 
0.4000 59.8 53.9 53.9 
0.5000 50.2 45.3 46.4 
0.7748 8 | 35.6 2 Syalk 
1.200 32.9 29.6 Oh 
5.543 0.1000 88.8 163. 165 
0. 2000 47.4 88.5 95.6 
0. 3000 40.1 72.5 72.5 
0. 4000 34.3 61.9 61.9 
0.5000 28.9 5202 54.3 
0.7748 Phy 42.8 42.9 
1.200 208s 36.4 Ben! 
2.218 0.1000 39.3 180. 180 
0. 2000 2a 109. qi oac 
0. 3000 20.4 IQLE 91.0 
0.4000 1G) 98 78.9 77.5 
0.5000 14.8 eon 71.0 
0.7748 1208 58.0 58.0 
1.200 9.96 44.9 44.9 
1.109 0.1000 20.6 189 189 
0.2000 13.4 124. 125 
0.3000 hig Ker) at 104 
0.4000: FOMO: 90.8 90.8 
0.5000 8.84 79.7 81.7 
0.7748 70 64.0 64.0 
Le2Uo 5.40 48.8 48.8 
9g b 0.1000 218 
0.2000 152 
0.3000 AESY: 
0.4000 112 
0.5000 99 
0.7748 ae 
1.200 55 
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ire — 06 0.8 1.0 1.2 
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Pec) et Ouse Ot ratio of total H* in resin phase 


over [H"] against ae 


Nat 


at varying concentrations of 


in the external solution 








A [H*]=1109x107°M 







B 2218 x 107M 
G 5543x104 MA 
Dose 109s 102M 


E Hypothetical for pure 
exchange 


AG. Bie Beals 8 10 
1/[Na*], Mv 
Figure 6. Plots of ratio of total H” in resin phase 
over Ht ae Ostet soy ageinst en ee | of Na* 


c : é hy 
concentration at varying concentrations of H' in the 


external solution. 
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The extra hold-up phenomenon can be explained 
both in terms of heterogeneous and homogeneous models. 
The characteristics of these models are described in 
Appendix II. The isotherms Pee eeA CIS these two 
models are tabulated for comparison in the table below, 
and show that both models serve equally well in inter- 


preting the data with different aspects. 


a a heterogeneous model homogeneous model 


isotherm 












+ 
(ee Es [Na ] 


x [Nat] (AII9) 


thie valldity.of Equations (ALLO) = and —(AI1L&) 
can be tested by a plot of (ut) ut vs. fH] (Figure 7), 
where BY/ (HT) is calculated by Equation(AII1) from 
I after subtracting the dead volume V_- Since 
HY / 1H] involves the difference of two nearly equal 
numbers, its precise estimation is difficult. Accurate 
value of He/ tH] can be obtained from K. See DUL 


Na 
+ 


obtaining accurate values for fe nngAa Weber cer iculal, 
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Figure 7. Plots of H concentration in external 
; + : : 

solution over sorbed H against Ht concentration 

-in external solution at several concentrations of 
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Na -ane external solution 
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The method used to minimize the effect of random 
scattering of individual points was to take values 

of Eta Foi from the smooth curve joining those 

points rather than the measured Comes In this way 
acceptable results were achieved (Table 6). As 
illustrated in Figure 7, plots of tut) sat vs. [H’] 
give straight lines. Both the homogeneous and hetero- 
geneous mechanisms proposed provide a satisfactory 
explanation for the large amount of H” retained in 

the resin. The intercepts agree with the extrapolated 
values in Figure 5. The values for the slopes are 
shown in Table 7. The heterogeneous sorption constants 
k5/ky and k,/ky Canependeternined frompaiplot .ofed he 
ratios of the intercept I to the slope § against [Nav] 
Equacrtonue (Ati) (Figure 18) these are -found to vary 
slightly with [Na’]; with [Nav] <— 02559M, the, values 
found were k5/k, = 1.05 des meq he and), /Ky as 

36 Tr ap while with [Na’]> 0.6, the values were 
k5/k) = 0 and k,/k, =e ee ay x107*, The homogeneous 
constant K_, which is equal to (Vo ty S/Sysk pcan 
similarly be estimated from Figure 8, using Equation 


(AII9), and was found to range from 14.4x10°7 to 


5.27 a ee 
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Table 6 


Lee : 
Data for measurement of total H in resin phase 


r : 5 : + +- 
by column equilibration at various Na ands Sconcen— 


trations in external solutions. 








r $ 
[Na‘] [HY] el ae 
-4 + wae 
x1o74*m {tH T J. (Hy 
ee eS ee ee 
O.1 1.109 189.2 150 
wees LS Ors 
ayer 165.0 
1a OS 15 Ges 
O*.62 jee EO9 2 es Gre 
See ale) fE.eieK 8) 
5.543 95.6 
de. O09 Si705 
0.3 1.109 104.1 Bh 
2e2 hs S130 
52545 P25 
i. 09 64.8 
Oe4 1.109 90.8 ao 56 
2.218 77.5 
5.045 Gi 29 
logo 5320 
O25 1s 09 Sizes B24 
22 LS Fide) 
52D 45 54 0 
iesi0 9 46.4 
0.7748 Lael os 64.0 220 
yan ORNS 58.0 
oy er Ago 
309 3536 
eZ Le Loy 48.8 Lb. 3 
Dees 44.9. 
Se a 36.4 


ie! 





Ht 
Ss 


Uen0 25> 
0703830 
O- 0667 
0.1540 


0.0204 
0.0274 
050525 
020909 


ORO Lo2 
0.0256 
0.0488 
C207 32 


0.0196 
020265 
05,0452 
0.0708 


070203 
0.0260 
0.0458 
OQ. 0717 


OF 02558 
0.0278 
0.0479 
Qe Uses 3 


0.0298 
0.0337 
0.0472 
0.0693 
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Plot of the ratio of the intercept to slope from Table 7 


against Nat concentration in external solution 
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Comments on the Two Models 


Quasi-heterogeneous model 


Comparing the value of ayetne eltective capacity, 





with that for Nay measured previously in a single 





erectravyre NaCl coluttonewe tis seen, that Nay is 


farger. This means that-not all sorbed Na is replaced 


by ae If a is plotted against Nay on a log-log scale 


(Figure 8a), a linear relation is observed, 


The values of k,/k and K,/ky indicate that the 
tendency for HCl to replace NaCl is 10s times greater 
than the reverse process. This large difference is 
unexpected: for a simple replacement mechanism not involv- 
ing specific interaction. In that process, the sorption 
tendency depends chiefly on the hydration radii, and so 
the sorption constant Ky/k, Should hardly exceed 10 or 
sO. From the value of K4/Ky measured, the presence of 
Specific amteraction of H’ with the resin is suspected.. 
In order to confirm such interaction, the reverse 
experiment should be run at the other end of the con- 
centration range, with the resin in the Ba formcand trace 


NaCl in HCl solution. This is done in the next chapter. 


Homogeneous model > 
The ion association concept is valuable in 
treating the homogeneous model. ~- Association has 


already been confirmed by NMR experiments and thermo- 
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dynamics. The internal hydration number h has been 
measured by NMR using a temperature variation tech- 


: 82,85 
nique 


-.. The value of h for AY TS 2. 5. Cis 

compares with a value of 3.4 in oleae solution’. 

Little difference is seen for Na* and Ke The smaller 

h indicates a "partial bonding" between H’ and -SO, 
groups, even though it is much weaker than a covalent 
bond. This supports fairly well the idea that association 
Or cal with the resin is 107.103 times stronger than Na’, 
as observed experimentally (Ko 14.4%5.3x107*), The system 
HC1-H.O-LiCl-sulfonated polystyrene 0.5 to 24% DvB 


resin has been studieat?8 and the ion exchange constant 


Bree measured for resins in both Li’ and H* forms. 
The ratio leis at various percentages of DVB 
COEresponding’ eo @rmnternal molality m (capacity ey 
internal water g), to Seay a at 0.5 @DVB (m = 0.7) in 

H” form and me form were plotted against m. It was 
found that the ratio for resins in the H* TOnm=did) note 
vary with m, whereas that in the Lit fom did. THis was 
explained by the authors as being due to a greater 
degree of localization of Hm in the resin compared with 
eee the decrease in internal water content in the resin 
will not affect interaction between the localized ions 


until with increased crosslinking the ions begin to 
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Association also exists between sodium ions and 
sulfonate sites, though to a much smaller extent, as 


Creekmore!?® 


and Dinius?? proved by Nace NMR quadrupole 
relaxation measurements. A broad line width leads to 
the conclusion that some sodium ions are loosely bound 
and thus restricted in motion. 

It should be emphasized that since the activity 
of counter ions in the resin depends solely on Wee the 
state of resin swelling is extremely important in the 
homogeneous model. First, as iS shown in Figure 8a, a 
ZS not a constant, but varies from 11 to 25 peq/16.9 
meq sulfonate group as [Na‘] Vagles et romeo siete] 2 M, 
This is a consequence of resin shrinkage. An increase 
in [Na] causes the resin to contract and thus m to 
increase. A higher ionic strength in the resin phase 
will promote the number of sulfonate groups able to be 
bound by ions wv and Na’. Also, Equation (AII9) pre- 
dicts a straight line passing through the origin in a 
plot of intercept I over slope’ S vs. [Na‘]; the de- 
Viation from a straight line passing through zero in 
Figure 8 at low sodium ion concentrationsis caused) by, 
the presence of internal water in the resin. The rate 
of change in water content with [Nat] is largest at low 
external Na* Perea ion (OA. Met Og0. 54M), .So Les 


changes appreciably with [Na™] in that concentration 


range. Resin shrinkage almost ceases once the external 
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concentration reaches 0.5 M; after this point I/S 
should pass through the origin as represented in the 
figure by the dotted line. Changes in the internal 
activity coefficient may also cause deviation in I/S 
and a change in a. 

Thesfact that a vsemuch smaller than c, the 
exchange capacity, may be a result of not all the same 
sulfonate groups being capable of associating a to 
some extent, or that the sulfonate groups capable of 
association are fundamentally different from the 
exchangeable ones. This might occur if, for example, 
two sulfonate groups are present on the same benzene 
rings, the second group being introduced incidentally 
by a disulfonation reaction in the manufacturing process 
even though carried out under well-controlled mono~ 
sulfonation conditions. 

It is possible that the resin may contain in 
addition to sulfonic acid groups a small number of 
weak acid exchange groups, i.e. - COOH carboxylic acid 
groups aS an impurity. These are believed to be intro- 
duced during the sulfonation step in the manufacturing 
process, for hot concentrated sulfuric acid can oxidize 
some of the carbon-carbon linkages between benzene rings 
to carboxylic acid groups’ in amounts) ranging up to 5% 


1293130 


of the total exchange capacity These groups are 


normally present in small quantity, so that they are not 
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noticeable when the.resin is in the H? form. whey may, 
however, play a significant role once the acid concen- 
tration in the external solution becomes low, as is the 
Case where the resin is predominently in the Na* form. 
Under these conditions the resin may show an abnormal 
uptake of fe Though the presence of carboxylic acid 
groups in a sulfonic acid resin cannot be confirmed 
directly by instrumental techniques, their level can be 
measured by photometric and potentiometric titrations 
of 2-methylpyridine (pK) = 8) in the presence of Dowex 
50Wx8 resin in the Li’ forms as proposed by Cantwell and 


ernie cota aval Ofeimpurity in =the 


Pietrzyk 
resin studied amounted to 5 weq/g of resin, and the PR) 
of the basic impurity was found to be 8, which corres- 
ponds to the carboxylate group. 

The homogeneous model proposed above is still 
valid except that the association is now considered to 
be between H™ and carboxylic groups rather than sulfon- 
ate groups. The homogeneous treatment can then serve 
as a method of determining the quantity as well as 
the H’/Na™ exchange constant of the carboxylic sites. 

a calculated +from (ALES) MAII9) @givesathes Coral miliis 
equivalents of carboxylic groups in the column of resin, 
while (Votky ic) /k, cK is the exchange constant of Na* 
Lor He Both show dependence upon the NaCl concentra- 


tion and the degree of swelling of the resin. The 
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amount of ~CO,H found in Cantwell's work was approxi- 
mately 5 x16.9/5.2 =15 Heg per 16.9 meg of Yesin;, which 
is within. the range of 11 to 25 uq per 16.9 meq of 
resin measured in this work. Even though the uptake 

of H’ by -COO- may be a major factor in explaining the 
abnormal behavior of H* Sorption at trace levels, 
association of H* and =00. (which is confirmed by NMR 
experiments) cannot be excluded. Thus both -CooO. and 


to a less extent sO, likely contribute to the extra- 


SOrption of re 


Chromatography 

Elution chromatography can also be applied to 
measure ion exchange constants, Foviaie they constant 
is independent of the amount of solute used. By insert- 
ing known values of Viq and [Na] into Equation (11), 


Vp can be calculated. 


Vp a Vv, n a 
[Na ] 

Eiepractice, chromatograms obtained at several 
NaCl concentrations show skewed elution peaks, which 
indicates a nonlinear isotherm. This nonlinearity is 
even more obvious in a plot of Vp against sample size. 
The shape of the curves obtained in such ‘a’ plot as 
Similar to those shown in Figure 5; Vp rises slowly 


with decreasing sample size, and can no longer be 
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related to the partition coefficient in a simple way. 
Although K or HY/(H") cannot be found directly from Ver 
the value for V, still reflects the distribution of 
solute between the resin and external solution phases. 
However, the limiting value of (HL/{H"]) at infinite 


dilution of solute can be calculated from the limiting 








value for Ve obtained by extrapolation. 
a He 
Oo t i 
be + Zz + 
LHe ogee, (Hoslee 


Good agreement was found between values of (H/T 1) 
obtained in this way and the extrapolated value found 
from Figure 5. Values of (Hy / THI) obtained from the 


intercepts of Figure 6 are tabulated in Table 7. 


Three sets of values for (HED 2 have been plotted 


a 


against [Na’]7 in Figure 9 to provide a comparison 


among them. 
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Figure 9. Comparisonof three methods for determ- 

ining the ratio of total H* in resin phase over 


HH? concentration at different Nat concentrations 


in external solution 
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CHAPTER IV 
FURTHER STUDIES OF THE HOMOGENEOUS MODEL 


Sorption of Trace NaCl from Solutionsof HCl on Dowex 
ee eee One OF Nh eon, Dowex 


50W x 8 
Experimental Procedure 


This work was carried out using the same proce- 
Geresacathat Of Chaptermiil, except-—that Hs and Na™ 
were reversed, and the concentration of Na’ was deter- 


mined by flame photometry. 





Measurement of Nal, 
The concentrations of HCl studied were 0.1, 
Orly 80547500 257-027 5 -and 1e2 M. The solutions were 
prepared immediately before use in a 5-litre plastic 
bottle, and were transferred to oven-dried volumetric 
flasks as required in the preparation of the equili- 
brating solutions. Four equilibrating solutions were 
used at each HCl concentration, each containing a 
different concentration of sodium ion ranging from 
i) ee ee M. They were prepared according to the 


following scheme: 
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250 ml 
Volumetric 
avask, 
NaCl = 0.01M 
100 m1 


25 mh 
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100 m1 200 ml 
| A 
iE Volumetric flask, lie VObumeimic flasic 
WaCl = 1x107*y NaCl = 2x107* 
D C 


The concentration of acid Present in each 
individual series of equilibrating solutions was 
measured by titration with 0.15 M NaOH, using phenol- 
phthalein as indicator, while the concentration of 
NaCl was calculated directly from the weight taken 
in the first 250-ml volumetric flask. The experi- 
mental steps were as described in Chapter III, 
except that 1 M HCl was used to wash the sorbed NaCl 
from the column. A 500-ml volumetric flask was used 
to collect the washings for HCl concentrations of Dealers 
0.15 and 0.2 M; a 200-ml flask for 0.4 and 0.5 M; 

a, bUG-mietiaske tor Oss M;-and a_50-ml flask for 1.2 


M. About 50 ml of washings were collected, and then 
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diluted to volume with 1 MeO 


Flame Photometric Determination of Na’ 

A Heath unit consisting of a monochromator, 
photomultiplier tube, and recorder was used to measure 
the concentration of sodium in the column effluents. The 


settings were as follows: oxidant: O dial setting 


27 
of 13 on flow meter, 20 psi on tank regulator; 
fuel: Ho, oval jetting of on flow meter, 10 psi: 
on tank regulator; slit width: 28 um; wavelength 
Seer iG o.0..9 TM, and sensitivity dial) setting, 


See 8 al Nao. 


Om5 = 10y 

The detailed operating procedure used was that 
provided in the handout of Chemistry Course 615, 
Puatlyeical, Spectroscopy, University, of, Alberta. . The 
intensity was recorded on a Heath recorder and was 
measured until a steady signal was obtained, about 4 
Minutes. A matrix-matching technique was employed for 
calibration, that is, five standard solutions contain- 
ing NaCl concentrations of 0.26 x yn 0.53, 


Taree se andes 30. a 


M were prepared and all made 
1 M in HCl. Where the concentration of the samples 
measured was so high that the signal was out of the 
range of the standard solutions, further dilution was 


used as required to bring the readings into range. 


After correcting the background measured by closing 
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the detector shutter (since the same reading was given 
by 1M HCl alone), the intensity of the signals of 

the standard solutions, multiplied by the sensitivity 
factor, was plotted against [Na] Ones | Og sorann 
paper and the concentration of the samples read from 


Ene spliot. Then Na,’ could be obtained by multiplying 


the concentration by the volume of the container. 


Meas = 
asurement EAs 





oh was measured by the column method described 
Pieetanter Til, but with the resin in the H’ -enriched 
form. Since in this experiment Na’ was a minor component, 
it had to be determined directly to avoid subtraction 
errors. This was done by the above procedure. The 

ionic strengths studied were 0.1, 0.2, 0.5 and 1 M, 
WiENecONCenLration ratios: for |HCl] to: [NaCl] of -17.7, 
fee. J oeaids0./98at Gach i16enicystrength. The ratio 
under unity was measured by an acid-base titration, as 
outlined in Chapter III, because it was Na™ Gich wa che 
solutions were prepared from a 4.5 MeHiCL eStock solution 
standardized by 0.15 M NaOH after tenfold dilution. 

them? 2i5,. 200,150 -andsi00-ml portions of) stock Hel 
solution were added to a seriesco 1-2 volumetric flasks 
and the ionic strength brought to 1 M by addition of. 
exactly weighed portions of NaCl. The solutions at 
LONE Case rengtns Or 0.1, 40, 2 ands UeS5 M were made by 


successive dilution of the l M solution. 
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Results and Discussion 
pe ee ee et ee LON 


The data were handled in a similar way to that 
described in Chapter III. Values for Eyal (X= 1) 
were determined at the various ionic strengths by 
extrapolation (Table 8, Figure LO) rand found to he 
fe eLOreO lo My 1733 forse? Molo le tor 0.5 M, and 
ha pash) lelohan oh Me10Onite strengths. Thetvalues Cea 
(X = 1) at any other HCl concentration can then be 
obtained by interpolation. Since the variation in 
Ena/u (xX, el) witneaonrcestrengthsis St.gnty. ene use 
Of a graph is not necessary, and interpolated numbers 


are Tasted in column 5) Table 90. %From these data 


Na_/[Na" ] can be calculated as outlined in Chapter III 





by 
New 
eae = ¢ 
[Na‘] ~Na/H (X,=1) [Ht] 


From the previous experiment v_ is estimated to be 
ARGUING. Jets The slim OL Na_/(Na*] and vy then, 
which represents the uptake of Na* due to exchange 


and dead volume,is Shown in column 6 of Table 9. 





Values for Nay ,/{Na"] obtained by the column 
equilibration method are plotted against [Na‘] at 
various HCl concentrations in Figure 1l. The series 
of focleet straight lines observed indicates the 


independence of total Nat sorption (exchange and 
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Table 8 
Variation SON with ionic strength and 


concentration ratio for Dowex 50W~x 8 Be Leer 


[H  ] Tonic De 





K 

Ina] strength - ~Na/H 
TA. 65 ib 0.928 1.358 
0.5 Go 26 1.401 

oe 0.924 1.444 

Orel 0.930 1324 

Ao375 1 1.438 
0.5 0.834 1. 460 

On? Oro 26 7 551 

qon 0831 "14495 

1.945 7 R573 1.445 
0.5 0.569 1.470 

Om 0.555 1.566 

0.1 0.558 14536 

. 2865" ip On Oe iene 
On 0.360 1.393 

G82 02351 18455 

(eer 0.352 1.445 


“Measured by NaOH titration, as described in 


Chapter III. 
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Figure 10. sPlots.ofion exchange constant K for Na’- 
ih exchange on Dowex 50W x 8 as function of the mole 
fraction of resin in the H’ form at ionic strengths of 


Ot 0. 2-025 and 41 
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Table 9 


Total sorption of Na* as a LUNGELONTOL  fHCL] 
anc fiNaGlLiv@on Dowex 50Wx'S#at 21°C: 


—_ ey 
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[Nacl] x iO M 


Figure 11, Plots of Ratio, of totalsNe', din -resin phase 
over Na’ concentration against Nav concentration at 


; ! +. ; 
varying concentrations of H’ in the external solution 
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sorbed) on the Na” concentration. This differs signi- 
ficantly from the Ho experiment in the preceding 
chapter (Figure 5). It is even more apparent if the 
average values of Nat,/[Na*] from Figure 1l are plotted 
against w/ATHnd, for vehesporncs: fall exactly on the 
hypothetical curve for pure exchange, i.e. Nat/tNat] +v_, 
from column 6, Table 9 (Figure 12). 

Figures 11 and 12 both reveal that there is 
no saddutional hold-up, of Na’ in the HCl solution other 
than exchange. A special situation therefore appears 
to exist with the trace Ha case. The homogeneous model, 
Ben eci ctl ly the sorption by -CoO , appears to be better 
than the heterogeneous one in dealing with sorption 


: ; ee + 
phenomena, since a special affinity for H cannot be 


explained by the latter. 


Sorption of NaCl in KCl on Dowex 50W x 8 


z 


Experimental Procedure 


The procedure used was as described in section l 
of this chapter. All solutions were preparéd by direct 
weighing of KCl (Fisher,)/ Analytical grade) dried at 110°, 
andedtlLucings of ja 0.01 M NaCl stock. solution, pre- 
pared by dissolving 1.1707 g NaCl and Gitpeind. tone 
litres in a volumetric flask. The preparation scheme 


was: 
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over Na’ concentration against reciprocal of H* con- 
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Centracvion at Zero. Coneentrations of Na, *in-sthe 


external solution 
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Stock 
Solu. 1on, 
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100 ml KCl ZOOM KCl 
x 74.56 grams of| ™ iW ws Geme oes 
KCL grams of KCl 
Creel was the concentration of KCl desired in molarity. 
The solutions under SEudyecontainede 0.1, 0.2, OS Os 
eel achavsehe(Wacil P< 100, 2100+; 5 <1007, or 
10 x1074 M. Since a suitable on-line monitor unit for 


sodium ion was not available (a sodium ion electrode 
not being satisfactory at the Ka concentrations present), 
the column was brought to equilibrium by passing a 
large volume of equilibrating solution, about 500 Tes 
through the column at a flow rate of 120 ml/hr without 
monitoring. 1M HCl was used as washing solution. 

The photometric determination of Na’ was done as 
described previously. The standard solutions used 


for calibration contained 2.004x10>, 5.0110, 


S 4 é 


1.002x 10 ", 2.004x10°" and 5.01x 10°" M NaCl solution, 
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together with 1 M HCl and 8 meq KC1/50 ml as background 
matrix. The data obtained were handled as outlined 
before in Chapters III and IV. 


Results and discussion 
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The value for Kua/K reported at Xyq = 9 (by 


extrapolation) by Reichenberg and McCauley!33 ais 1 ORaas ge 
Blots of log Nat, /[Na*] against [Na’] at constant Kel 
concentration are shown in Figure 13. A set of 

straight lines can be drawn within experimental error 
(83) at different concentrations of RCo, indicating 
that sorption of NaCl is negligible. The values of 
Nat/[Na‘), calculated from Kvasx Sna = Q) aoe corrected 
for wae are shown in column 5 of Table 10, and plotted 
in See 14 as a function of [hela (sokid tane). The 
values of Nat ,/[wa*] at Nai concentrations of ia M 
and 11087 Moare also included in, the same graph for 
comparison. The ip. M points fall on the hypothetical 
curve (solid Jine)f, while the Teale M points scatter 
around the line at low KCl concentrations. This indi- 
cates clearly that there is no detectable association 

of Na” in dilute KCl solution. Because the associa- 
tion sor Na with either carboxylic on sudfonic-groups 

of the resin is Comparable to. that of ae, even 


though both are negligible relative to He slight 
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association of Na might occur in the presence of KCl, 
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Eigure 136 Plots of ratio of total Na* in resin phase over Na* 


concentrations against Na® concentrations at varying concentrations 


of ku in external solution 
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Table 10 
Total sorption of NaCl at various concentrations 


of KCl and NaCl on Dowex 50W x8. 








[K"] [Na’] Nay, Nay, Na* 
+ Sn 
SA [Na ]} [Na ] 
M TO; M peg ml m1 
On 2 m0 202 141 141 140 
5. O17 70.6 140 
2.004 Ont 143 
BeO02 ae ie) 
(S Bee iG. G2 70 70 7A: 
ee Seyais) eae 
2.004 14.6 Ts) 
ne Oe thats ths 
0.3 O02 42 42 48 
50 u 2k 42 
2.004 8.6 43 
1002 4,4 44 
OF 5 10202 BO o/ B07 30.5 
Se Le) 3 Oreo 
2.004 6.0 30 
£5002 Bhat 31 
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Figure 14. Plots of ratio of total Na’ in resin phase 
over Na’ concentration against the reciprocal of KE 
concentration at varying concentrations of NaCl in 


external solution 
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whereas it is not likely in HCl solution (Chapter IV, 
section 1). . The possibility of Na’ association was 
mentioned in the Results and Discussion sections of 
Chapter III. In any event, the degree of association 


is too small to cause observahle deviation from linearity 





ieLOog Nay ,/[Na"] vs [Na‘] DLoESs(Pigqure 13) as has been 


shown in Figure 5, Chapter IIlI. 


sorption of HCl in NaCl on Dowex 50W x 2 


This experiment was designed to provide further 
information on the sorption of a on cation exchange 
resins. As was shown in the previous experiments, the 
additional uptake of electrolyte is observed onlyator 
a and so association theory can be used to explain 
the specificity. The homogeneous model is then more 
appropriate in describing =" sorption. An experiment 
using Dowex 50Wx 2, with only 2% crosslinking, was 
thought to be potentially useful in Eine more support 
Lomtne aboverstatement....1t iis iknown that. sorption. of 
electrolyte by Dennan invasion. will increase with 
internal water content if the heterogeneous model holds. 
It should then be possible to predict increased sorp- 
tion of H’ by performing the experiment on resins with 
a low degree of crosslinking, since a larger amount of 
Na* is available tobe, replaced. ..On the other hand, 


sorption should remain nearly unchanged if association 
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is the case, because association depends chiefly on the 
nature and number of exchange groups on the resin, and 


only to a small extent on the extent ofitswelting. 


Experimental Procedure 


The procedure was the same as that described in 
Chapter III. The resin used was Dowex 50Wx 2 (Dow 
Chemical Co.) with the following specifications: 
particle size, 50-100 mesh; Capacity, 5.2 meq/dry gram; 
0.6 meq/ml bed; wet mesh, 25-50; moisture content, 74-82% 
by weight. About 10 ml of fully swollen resin, or about 
6.5 meq in He form, was required to fill the column, 
compared with 16.9 meq for Dowex 50Wx8 resin. The 
exact capacity of the resin in the column was determined 
by titrating: the HT displaced by NaCl with 0.1034 M 
NaOH, and was found to be 6.557 meq. Values See Sy hp 
WertCeneasiuned abviontctstrengths of 0.1), 90.50and.1°and 
ab econcentration@eratios p{[Na€l |7[HCl]icofel 1208-7 3.417; 
BR SI36 ando) 6266 at each ionic strength. The dead 
volume v_ was estimated by titrating the HO washings 
Eromrathetcolumn >with <0. 1034 M NaOH, or coulometrically 
as outlined in Chapter III immediately after the 


as = 
equilibration step. Values of H were obtained as 


te 
described before at NaCl concentrations of Ow nd £2 
and 0.4 M, and at HCl concentrations of 9.714 Layo ee 
4 4 4 


4.857 x10 “, 1.943 x10°~ and 0.971410" M. When 
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equilibrating solutions containing 9.714 x 10# and 


4 


4,857x10 “ M HCl,one modification was added; before 


the column was washed with 0.8 M NaCl, it was 


washed first with distilled water, and the hydrogen 


ion in the washings titrated coulometrically. He, 
should be equal to the sum of the H* content in the 
water and NaCl washings. The water washings were 
measured separately to check if there was any sorbed 


Ht removed from the column by water. 


Results and Discussion 


The same procedure as that outlined in Chapter 


III was followed. Values of Ki yya “x = 0) at integral 


levels of [NaCl] were measured from Figure 15 (Table 


11), where K is plotted against Xy_ at different 


H/Na 


ionic strengths, and at [NaCl] concentrations of 0.l, 


0.2 and. 0.4 M were found to be 0.95, 0.97 and 0.99 


—— 


(Table 12° column 5), Figure 16. The values of Has 


Vv, are reported on the basis of a column containing 


and 


16.9 meq rather than 6.557 meq, the column capacity 

in the work with Dowex 50Wx8. This was done so that 
results could be compared on the same basis with those 
in Chapter III. The data show a larger degree of 
scattering than in Chapter III. Aa is estimated to be 


approximately 10 ml. 
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Figure 15. Plots of ion exchange constant Seep 
H'-Na* exchange on Dowex 50W X 2 as a function of 
the mole fraction of resin in the Na’ form at ionic 


strengths ore, 80.5 -and=0 4 
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Table 11 


Variation SPL with ionic strength and con- 


centration ratio (Dowex 50W x2 BUSC yes 
[Na‘] Tonic Noe K 
- strength Ne ae 
[H ] 
M : 
1.208 al ~ - 
0.5 0.558 0.957 
O-sT 0.562 0.939 
she BEY, il 0.78 0.965 
0.5 0.781 0.960 
O25) 0.786 0.939 
we 333 iT 0.889 0.982 
0.5 0.891 0.964 
Gait 0.895 0.941 
16.66 se 0.943 geeky) 
O25 0.944 0.990 
tia ke 0.946 0.946 


By coulometry. 
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Tabilenid 
Total sorption of H’ as a function of {HCl} and 


[NaCl] on Dowex 50wx 2. 


— — + 
= an By ues 
ler pilene, tio os Kuyna uy ae as [Hw] 

a7 fH] {[H 
M 10 M peg ml m1 ml 
Niel) 9.714 168 173 0.95 a7 2 
4.857 86 177 6 
1.943 36 185 14 
0.9714 19 196 25 
One 9.714 Cds | NE 0.97 92 383 
4.857 51.5 «#106 14 
1.943 Py Teen Mabie, 25 
ONO) ans ieee T7104 ) 22 
0.4 2714 65 6g 0.99 52 15 
4.857 ony Cele 1 
Tega TS 9) eae 6 29.6 
OM Ov 1 ers Ames C9 3) 41 
bane et 3 


intercepc and siope of lines in Figure 18. 


[Nacl] i S a 1/s 
M nL meq * weg mx 107° 
OAL 0.008 S23 3 24 
OZ G2 02 106 9 180 
0.4 0.018 86 ANP 216 
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Figure 16, Variation of ion. exchange constant 


K for H’ - Na exchange on Dowex 5OW x2 in Nat form 


with ionic strength 








ATeY TouTe eorevk pp ; 


art | 


tot R= ne *XOUVTRS OF DOME Dog 


L7RHLS for AGLISSTOU 0% You 


AOC.  BAMEWGEM ty 


Snes, 


The relation between ae 7H and feat at 
various NaCl concentrations is shown in Plgures 7. and 
in Table 12, column 4. Extensive curvature is seen 
here also, as it was for H’ in Chapter Tree This 
confirms H™ retention by the resin. In Figure 18 are 
shown plots of (ay yat (column 7, Table 12) against 
Erin 1S Straight line relationships are obtained in 
each Case. WJhe*®inverse of the Slopes of these lines 
gives a,the quantity of fixed ionic groups capable of 
ion binding. The values obtained, 3, oF andi 2 seq, 
are considerably lower than those found for Dowex 50W x8 
at corresponding Naw concentrations. This again shows 
the importance of the degree of swelling in the resin. 
AS was mentioned in Chapter III,a depends on the external 
Salt concentration, which is related directly to 
water uptake and thus to the internal ionic strength. 
Being able to take up more water than Dowex 50W x8, 
Dowex 50W x2 has a lower internal ionic strength (c/V .) 
at a given NaCl concentration; This results in a 
correspondingly smaller value for a. 

The sorption of Bae (HY, /(HT)), for Dowex 50Wx8 
is greater than for Dowex 50Wx2 at the same NaCl con- 
centration. This is also a consequence of larger water 
uptake in the 2% crosslinked resin; when the ratio of 
intercept to slope 1/S of the lines in Figure: 


(Table 13) is plotted against [Na‘] (Figure 19), the 
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Phase of 16.9 meq Dowex 50W x 2 over Ht concentration 
against Ht concentration at varying concentrations 


On. Navin the external solution 
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Figure 19. Plots of the ratio of the intercept to slope 
from Table 13 against Nat concentration in the external 


solution 





123 


increase in I/S with [Na’] is apparent. A least squares 
line drawn through these points passes through the 
Origin as described by Equation (AIT9). The slope 

thus found is 6.6 x TOM which agrees well with that 


SOE See ii Ome 


obtained on Dowex 50Wx 8 (14.4 x10. 
The measurements of the acid content of the 

water washings show large scatter due to the difficulty 

inherent in measuring low levels. However, the average 

value for the total moles divided by the concentration 

of HCl is around 10 ml, or close to the column dead 

volume. That sorbed H cannot be flushed out by dis- 

tilled water proves the validity of the homogeneous model. 

Unlike adsorption in internal water (heterogeneous model), 

the association of H’ with fixed ionic groups will hold 


the He in the resin, unaffected by distilled water 


washing. 


' Sorption of HCl in NaCl on Amberlyst 15 Macroreticular 


Resin 


Macroreticular resins are rigid, porous, hetero- 
geneous resin materials. They are described as consisting 


Bo elooe one a quaSi-homogeneous gel- 


of two phases 
phase as in conventional gel-type resins, and the other 
a phase composed of large pores or voids which are 


occupied by water in a hydrated state. In the termino- 


logy of adsorbents exhibiting catalytic properties, 
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three types of pores can be distinguished: open pores, 
which are open to the flow of fluid; semi open pores} 
and closed pores. An NMR study of macroreticular 
resins showed the chemical shift difference between 
peaks for internal water and external water to be 


134 Of similar 


smaller than for conventional resins 
structure. This is attributed to a smaller gel-phase 
in the macroreticular resin. The effect of the gel- 
phase on the sorption of trace H’ from solutions of 

NaCl is a factor that has not previously been inves- 


tigated. For this reason an equilibrium study of this 


system was undertaken. 


Experimental Procedure 


The resin studied was Amberlyst 15 (Rohm and 
Haas Company, Philadelphia). The specifications by the 
manufacturer were: size, 20-30 mesh; bulk. density, 
595 g/%; percentage swelling, 66%; exchange capacity, 
49 meq/g dry and 2.9 meg/ml bed; surface area, 4050 m-/g; 
porosity, 0.30.35 ml pore/ml bead; average pore 
diameter, 200°%600°A. The experimental procedure was as 
described in Chapters III and IV, section 3. About 
20 meq of resin was used, and the capacity determined 
in the column ss, titrating the displaced H’ with 0.17912 


M NaOH (17.42 meq). Values of K were measured at 


H/Na 
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LOnCeserengtns Of 4 780.5) and 0.1 M, and at concen- 


CratlLOoneratitOscwor tNaCiie ton HCl) of°1 208 pi See Skee: 
= 
Hoe 


as described before at NaCl concentrations of 0.1, 


7.833 , and 16.66 . The quantity was obtained 


Ge ey te, cand 0.9 M, and at HCl concentrations of 


4 4 “ 


Ge14 xi0us 4.857% 10m 1. 943'x 107 c 


and 0.971410 “M, 


Results and Discussion 


X.=0) were measured 


The constants of Kuna! H 


H/Na is plotted against Xa 


at different ionic strengths (Table 14). Values for 


from Figure 20, in which K 
Kya Gna }) at [NaCl] = 0.1, 0.2, 0.4, and 0.9 M were 
Bounde CO. bem) «95,8197. 2605, and. 2,52 by interpolation 
(Table 15>, column; 5), Figure 21. £The values of Ht and 
ao have been converted to a basis of 16.9 meq from 
17.42 meq. The average V_, was estimated to be 6 ml. 
Figure 22 shows a plot of log Ht, /(H*] against fice 
The points thus obtained reflect a basic difference 
between the two types of resins. No sign of extra He 
hold-up is observed. The hypothetical values for pure 
exchange (Table 15, column 6) are represented by dotted 
lines on the same graph. The close proximity of 

those points to the plot expected for pure exchange 
leads also to the conclusion that H* hold-up is absent. 


It should be mentioned that the values of K for 


H/Na 


this macroreticular resin vary strongly with Xy,and 
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Figure 20. Plots of ion exchange constant K fof 
He Naw exchange on Amberlyst 15 as function of the 
mole fraction of resin in the Na’ form at ionic 


strengthnscof-1,°.0.5, and. 0. 4 
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Table 14 


Va . . . . . . 
riation SONS syne with ionic strength and 


concentration ratio for the macroreticular resin 


BMno GLYyator 5 wat so) os 





+ = 

[Na ] Tonic en 
Na —H/Na 

[H*] strength 

Poe 05 1 0.647 OF657 
Unig 0.670 0.614 
0.1 Osby 5 02582 
3.4170 af 0.794 0.885 
075 0.814 0.780 
Or2 0.818 Goa/3 4 
Woo 39 1 0.874 jeri Beas 
LU bee OS sf ae O91 
OFe 0.893 05933 
16.6678 1 0.920 1.447 
025 SRG eeu 1.260 
O22 UE ep Aart 
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Table 15 


and [NaGP]~ on Amberlyst-15 at 27°c. 


[NaCl] 


[HC1] 


9.714 
4.857 
943 
0.9714 


"9.714 


4.857 


eae 


0.9714 


9.714 
4.857 
1.943 
0.9714 


O14 
4.857 
1.943 
0.9714 
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IONIC STRENGTH # 


of iouaee exchange constant K for nae Na” 


exchange On Amberlyst 15 in Nat form with ionic strength 


Figure 21. The variation 
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‘Figure 22. Plots of ratio of total H* in the resin phase 
of Amberlyst 15 over H’ concentration against H’ con- 
centration at varying concentrations of Na’ in the 
external solution. Dotted lines are the hypothetical 
values for pure exchange calculated by Ku /vaya=1) on 


Figure 21. 
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with ionic strength, especially near saturation in the 
Nat form. This behavior resembles that of conventional 
resins of high crosslinking (25% DVB), where the 
resin itself is rigid and sorption is small. The 
high sensitivity to Xyais due to a large osmotic 
pressure 1 so that even a Slight change in volume 
caused by varying the resin composition results in 
an appreciable PV term and a significant change in Ky Nac 

Considering the pores in a macroreticular 
resin as belonging to the resin phase, then sorption 
of electrolyte due to Donnan invasion should be 
fetoer than for a gel-type ance because the Donnan 
potential is ineffective in the pores. The pore water 
has the same properties as external water, and so is 
better considered to be in the external phase. In terms 
of the heterogeneous model, the amount of electrolyte 
in the gel-phase determines the extent of the hold-up 
of H’ other than exchange. Since the gel-phase volume 
of a macroreticular resin is extremely small, the amount 
of he sorbed would be expected to be lower than that 
of a gel-type resin. 

Even though the homogeneous model is satisfac- 
tory for gel-type resins, it is not suitable for macro- 
reticular ones: which contain only a minute amount of 
gel-phase. If the quantity of gel water is not suffi- 


cient to spread uniformly over the resin phase, it may 
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form a number of small, localized "water pockets" or 
domains whereby ions are hindered from moving from 
one pocket to another. This may be responsible at 
least in part for the early curvature seen for macro- 
reticular resins in Figure 20 relative to the late 
curvature seen for Dowex 50W x8 in Figure 10. The 
observed association reflects greater SGLCCUIVICY BLOr 
Hat eas levels of 0.85 and higher in the Amberlyst 

Since the overall affinity for hydrogen ions 
by the macroreticular resin is much less than for the 
conventional resins, the presence of carboxyl groups 
in any appreciable amount is unlikely. This may be 
the result of milder sulfonating conditions in the 
production of the resin. 

In general, if the quantity of gel water ina 
macroreticular resin is low, HY sorption is not pre- 


dicted by either the homogeneous or heterogeneous model, 


Sorption of HCl in the Presence of Large Quantities of 
a eee 


- NaCl on an Empty Column. 


The experiments for measuring ia sorption 
cannot be considered complete until the extent of sorp- 


tion on an empty column has been measured. Silicate glass 
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is known to possess exchange properties 
be able to take electrolyte in dilute solution. The 
exchange capacity and Specificity of glass depends 
strongly on the composition and surface treatment 

of the glass. The concentration of the ionic 

sites in Roceeat cate glass (Pyrex) is reported to be 


: mole/emasrc” This is even 


Gnathesorder*of.3 x10. 
higher than that found in sulfonated polystyrene resins, 
though most are inactive, highly specific and do not 
take part in exchange. Nevertheless, some of the sorp- 
tion of H’ found in the previous experiments may come 
from the glass surface, as well as from the resin 


itself. Therefore measurements on an empty column 


were made to clarify this point. 


Experimental Procedure 


The same Pyrex column used in the previous ex- 
periments was studied, with the glass apron plug retained 
at the bottom. A reference mark was etched near the 
top of the column. The volume of the column was de- 
termined by weighing the water held by the column when 
filled to the mark and dividing by the density of water 
at 22°C (0.99777). Equilibrating solutions containing 
NaCl concentrations. of-071,.20.2,.and. 0.4 M, and HCl 
concentrations of 9.714, 4.857, 1.943, and 0.9714x 104M, 


were passed through the column at a flow rate of 
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P50rml/hnrefor=2 hrs, andethen the’ liquid level was 
brought to the mark on the top of the column. The 
solution remaining in the column was collected in an 
80-ml beaker, together with 50 ml of 0.8 M Nacl 
washings from Ene column, and the acid present was 
titrated coulometrically to obtain the value of at, 

The ratios HY/{H*] were compared with the volume of the 


column that had been measured previously to indicate whe- 


ther any sorption was taking place on the glass surface. 


Results and Discussion 


The volume of the column was found to be 10.33 
ml. Results of the values of Ht/[H*] at different 
HCl and NaCl concentrations are listed in column 4, 
Table 16, and compared with 10.33 ml..\The measure- 
ment of Ht was not very accurate owing to the small 
sample size, but an average value of Ht/[H*] of around 
10.1 ml was obtained. Therefore the sorption of Ho 


on glass wall can be considered negligible, and the 


hold-up of H’ is entirely due to the resin itself. 
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Table 16 


ae sorption on empty Pyrex column (10.33 ml volume) 


aCe OC 


One 9.714 
4.857 
1.943 
0.9714 


OS2 9.714 
4.857 
1.943 
0.9714 


0.4 Qegh 14 
4.857 
1.943 
0.9714 





10.1 Average 
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CHAPTER V 


SORPTION OF WEAKLY DISSOCIATED ELECTROLYTES 
ON THE SULFONIC ACID ION EXCHANGE RESIN 


DOWEX 50W x 8 


Sorption of None lectrolvtes 
ee ee ORY Ee 

fon exchangers in a fully hydrated state are 
known to sorb a great vVerletveor monpolar substances, 


Tease ethylacetatet*t and alcohols??? 


Such as phenols 
in both aqueous and nonaqueous systems. The interaction 
between neutral sorbed molecules and the Tesineis Re 
believed to come from several source? 43, as discussed below, 
eens true dissolution of neutral solutes in the 
interior solvent of the resin are Phewanounteof 


solute sorbed can be related to the external concentra- 


tion by the following equation!*4, 
ae Vy 
In a, = In ay - RT Ghsy 


where a, is the activity of solute in the resin phase 
is the Sota ee of solute in the external 
solution 

T is the osmotic pressure 


Vie 


N is the partial molal volume of the solute. 


The activity of the solute in the resin is always less 


than that in the solution owing to the fact that the 
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osmotic pressure Tm in the. resin tends to squeeze the 
solute out into the solution in order a relieve the 
Strain. Having a higher osmotic pressure (hard spring 
analogy) a highly crosslinked resin will sorb less 
solute. Furthermore, increased crosslinking will also 
decrease solvent uptake in the resin, which will in 

turn reduce the sorption of highly solvated solutes 

such as, for instance, alcohol in water as solvent. 

The size of the solute molecule also plays a signifi- 
cant part in sorption; a large solute is more susceptible 
to the squeezing effect of osmotic pressure, and sorption 
thus is reduced correspondingly. In the extreme case, 

in which both osmotic pressure and the size of the solute 
molecules are small (low degree of crosslinking), solute 
molecules in the internal phase will not experience any 
additional force from the resin, and will behave as if 
they were in the external solvent. Under these condi- 
tions the distribution of solute in both phases will 

even out. Assuming the same activity coefficients in 
both phases Ree = Yy), the concentration of solute in 
the resin has to be equal to that in the solution. On 
the other hand, large molecules will interact exten- 
sively with the resin hydrocarbon skeleton due to 

icra teine polarizability; this type of interaction 


will promote sorption in the resin. These are two 
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opposing effects; the larger will determine the over- 


all sorption tendency. 


part of the organic solute and the benzene nuclei of 
the resin. 

London dispersion forces are short range forces 
that are directly proportional to the polarizability of 
two molecules undergoing interaction, and inversely 
proportional to the sixth power of the distance between 
them. Dispersion interactions of solutes with benzene 
nuclei are significant only for those solute molecules 
near the skeleton: others further in the interior of 
the solution are practically unaffected. These dis-— 
persion forces chiefly account for surface adsorption 
phenomenon or so-called chemisorption, where only a 
monolayer of molecules is built up on the surface. 

Thus the dispersion interactions between a solute and 

the hydrocarbon matrix of a resin are heterogeneous in 
nature and are referred to as adsorption, while the 
dissolution Dae Geer ato is homogeneous and referred to 
as simple absorption. In contrast to true dissolution, 
where the molality ratio of solute in the resin to the 
solution, m/m, is less than 1, the ratio may exceed 

1 in cases of strong dispersion interactions. Sorption 
of this type can usually be represented by the Langmuir 
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(16) 


x] 
1+ k(x) 


ea . i ° 
where a is the maximum amount of solute the resin can 


hold per unit weight of resin, in m mole/g 


k is the adsorption constant 
X is the external concentration of solute M 
X is the amount of solute adsorbed per g of resin 


m mole/g. 


Equation (15) for true dissolution can be put into the 


form 

ay/ay eK Gee (17) 
Neglecting activity effects, this can be written as 

[xX] 

% =e. (17a) 
where k_ oS te 

Equation (16) has two limiting forms: 

lim X= aee,-and © lim..<X = "kalXx} 

[X] + [X]>0 
and. can be rewritten as 

[Xv] aah. at high concentrations (18a) 
and as 

yl | , 

Tx) = Ky at low concentrations (18b) 


Poo 


The magnitude of ky may be greater or smaller than 


1, depending on the strength of the London dispersion 
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forces and the internal activity coefficrents.: Usually 
it has a value larger than 1 for moderately large 
molecules. From Equations(17a) and (18b) >it can be 
shown that dispersion interactions and dissolution both 
have the same form of sorption isotherms at low exter- 
nal concentrations, and differ only in the magnitude of 
the sorption coefficients ky and ko. 

An unresolved problem in Reichenberg's work?43 
is that the order of the molality ratios My/My of acetic 
acid, propionic acid and n-butyric acid is inverted, 
n-butyric acid being sorbed the least at high external 
concentration. A plausible answer to this difficulty 
is considered here in terms of osmotic pressure. 


eee that 


It has been pointed out previously 
resin sorption at moderate concentrations is a true 
and uniform absorption not confined to the surface of 
the resin particles. Therefore an increase in external 
geometrical surface area of the resin bead by fine 
grinding phould not increase the sorption of a non- 
electrolyte such as acetic acid in a moderate concen- 
tration range (v 2M). The independence of sorption 
on particle surface area rules out the possibility of 
adsorption. But on the basis of the amount of acetic. 
acid sorbed on resin particles of 200 wm diameter, a 


multilayer 230 molecules deep is calculated on an adsorp- 


tion basis. This is highly unlikely. Only the several 
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outmost layers which are close to the hydrocarbon back- 
bone will interact with bee skeleton by London disper- 
sion forces; the rest of the 230 layers, constituting the 
major portion of the sorbed solute, are unaffected. 

The uptake of solute as a whole can be regarded either 
a5 a0SOrption, Or as a simple dissolution step, des- 
cribed by Equation (15). Osmotic pressure will then 
favor the sorption of small molecules. The predicted 
extent of sorption in descending order then is acetic 
acid, propionic acid and NIDULY ET CeaCi dre thisnis as 
observed by Reichenberg and Wall at concentrations of 
2M. At relatively low external concentrations the 
solute sorbed forms at most several layers which are 

all capable of interacting with the hydrocarbon skeleton; 
hence adsorption on the surface will be significant. 

The normal order expected on the basis of London dis- 
persion forces is then obtained, with the larger solute 
sorbed more strongly. The normal order is the reverse 
of the trend shown above, acetic acid being adsorbed 
the least owing to smallest interaction with the matrix. 
Moreover, the transition of the molality ratio m)/my 
from more than 1 to less than 1 at increasing concen- 
tration is further evidence of a switching of the driv- 
ing force coon London dispersion interactions to pure 


dissolution. 
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Adsorption of neutral molecules. at low concen- 
trations has been confirmed experimentally by Davies 
and Thomas. Adsorption usually will be the dominant 
mechanism when the solute molecules are too large to 
penetrate easily the molecular pores of the crosslinked 
resin where dissolution in the interior of the resin 
becomes unfeasible. It has also been weseweeseo” that 
macroporous anion exchange resins sorb a variety of 
polar compounds and dyes such as humic acids, methylene 
blue, eosin and bromophenol blue. The sorptions are 
described satisfactorily by the Langmuir isotherm. 
Also, at high concentrations hydrochloric acid and eosin 
are sorbed to an increased extent; this indicates multi- 
layer adsorption, which is consistent with that observed 
by Reichenberg. An attempt was made to correlate solute 


structure with sorbability and to select optimal tem- 


perature conditions for sorption processes. 


"Salting-out" effects by polar groups on the resin. 
Resin materials eae be regarded as having a 
"salting out" effect on solutes. The simplest ‘ehekes 
pretation of this effect 1s that ions of the sait. added 
tie 2.toP a number of solvent molecules in such a way 
that the solvent molecules are preyented from funetilon= 
ing normally. In other words, the solvation~ of ions 


teaves less "free water" molecules to dissolve the solute. 


fi 


y 
i 
. te au @nba fi 
4 7 
ites s@ed oth sroises 
- 7 -_ 
pe tusk 9 *t ‘ ‘ 








egt- note pee 


sonsq, fi 


7 ’ a d at 
a ‘= t¢ ;: fw ie WHOIS 
Fr 1 
‘ 
' 
g bn é m 10! 
* ; Lire 
CI. A Lata 
’ 
; 7 
eerie 
x 
we re { i- + « 
‘a 6 i ~ a) ri - a 
‘ 
m2 HE 5 & 
? 
j 
r+ b ta. 
oo i q y Hs & 1 A Jt J 


‘ ad oF A hae id (iD 5 sepals x0 







‘an aati »*. "io 


» 


-= 7 a> 
: rite ye Coe 
7 


143 


Even though the "true" internal molality, defined as 
number of moles of solute sorbed per kg of free 
solvent, is not influenced by salting out effects, 

the observed apparent internal molality, defined on 

the basis of total internal solvent, will greatly 
diminish as the amount of salt, and the salting out 
effect, increases. If the true dissolution and osmotic 
pressure can be assumed to be negligible, the salting 
out effect will still render the molality ratio less 
than 1. Equation (15) for true dissolution can account 
for the salting out effect by inclusion of a term for 
the internal activity coefficient; a large salting out 
effect is reflected in a large internal activity co- 
efficient. Reichenberg! 43 was able to estimate the 
hydration number of the fixed sulfonate groups on the 


resin to be 4,by use of the equation 
= = om 


G-G —w— 
—- -o 


where E is the quantity of solute sorbed in meq 


G g of water sorbed 

m molality 

G, is the hydrated water in grams 

ky partition coefficient between 2 phases. 


k is found to be very close to 1, which confirms true 


dissolution and negligible osmotic pressure. 
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Even though modern NMR studies have proven that 
solvation of the counter ions is greater than that of 
the fixed charge groups (Chapter I), the "salting out" 
concept implied by the Reichenberg idea is still a 


valuable concept. 


Polar interactions 

Attraction between the dipoles of nonelectrolyte 
solutes and the ionic sites of a resin also contributes 
to sorption. The dependence of sorption on the nature 
of the resin and of the exchangeable ion reflects this 


type of interaction. 


Specific interactions with counter ions in the resin: 
theeosaltingsinpaetlfect. 

Solutes which can form complexes with counter 
ions are sorbed strongly. The extent of sorption 
depends on the stability constants of the complexes 
formed. These Ser otione are all stoichiometric, and 
the eeeee one scthern levels off above that concentra- 
tion where the counter ions have been used up in forming 
complexes. For example, cation exchangers with transi- 
tion metals as counter ions sorb ammonia or amines 


150,151 
a 


strongly while anion exchangers in the bromide 


or chloride form can take up bromine and iodine through 


e 2O1526153 


formation of Bra and I, Sometimes the stability 


constants of the complexes formed are so small that 






















suse iw cwohee sores mavl 
+59enne wh nook SRG anasto "ee 


a0} saroyy einxedio bowtt ans | 


indo! Bit wel pid ous pee 

Re P e 

‘ 

~faechoo sidevingt 

Sé 
e 

umd resect <6loe 

DS 

: eae et colsoaeatis a 

% a! 

cigzan 2p Wo ete O8Gok ert bac estulon) 
— . 7 
Eda rien ai? .0nltqree Giam 

- 


; 4 
; t's, >, ' +0. BAA A CZzoOF ong z9| 
‘ ae i 


= ottesisont to sees 
ne 

? welt ow 

ees fr vout Srl Poin ct ot tigen 
ay 


‘ 
— pee? om ee ee aenmael 


Ly. Sel eats 1iee’ 
opnaelbebemal et ol 





i4! re LED ee doayabe senshi 


tay , fine a 
seoa (LET re ieee? B26 enc 


is 39 at hggebes yreARAsR ons Ao ahas 


ub : 


BY lode Jie ao sete lgxa: eeu sak: 
Sessneicnc tats aro Sae wee yes een ae. 


Baad an-fimaot Gi av beeu ‘ese oii iia ates ed: oe 





a. ashe pelea) Vere geste .; 
ee apres 


7 
Pa i 
Fin © ’ 


Meh ee 


\ 
complex formation is only appreciable at high solute 


concentrations; complexes thus formed are labile, and 
never stoichiometric. Under these conditions, the 
sorption of solute is normal at low concentration, but 
goes up at higher concentrations. Sorption of alcohols 
on cation exchange resins in the hydrogen form is one 
such example. The react one a responsible for greater 
sorption of alcohol on a resin in the hydrogen form 


than in the sodium form is 


+ 
Ha Rone ROH, : 





Owing to the high concentration of counter ions present 
in the resin (V 6M), the extent of formation of the 
labile complex ROH, is appreciable. The alcohol is 
said to be Beat ted in7py the H’ in the cation exchanger. 
The properties of ion exchange resins in sorb- 
ing neutral molecules have been fully utilized in 
pHonatod capn an for the separating of nonelectrolytes 
such as alcohols, sugars, hydantoin, caffeine and 
phenacetin. In all these cases the ability to sorb 


may be attributed to interaction with hydrogen ions 


on the sulfonate groups. 


>. Simultaneous Sorption and Exchange of Weakly Dissociated 


Electrolytes: Organic Ions as Counter Ions 
For any weakly dissociated electrolyte, there 


- will be simultaneous sorption of undissociated molecules 


145 

















6 Sidsi de tage (ine @) Holsonvot «eign | 
i. ’ 
é£ Denwes Soct coNirgiee ferolsetd@somoe:, 


‘thy Sess +ObHo .” JepaP emo lao rose Bab dai 7 
rh 

tae wal 34 darten se aha loe 30 iota bl 

‘ 7 =U 

(iter reshes wedeld Jo ay babel. S 


y aly mit mL ei eee epee x2 1at280: te 
; ; 2i 
toast oft ,etqmsxe of 


alge 


is 
© -. @ so \fedests Jo nolsQaGee 
t Z i > a ras 


fi 


4 < 
4 wotbosn ait al nese 


a as 7. 
208 Se GR) BR. > Oe 
efeoo Api ems of pas a 


ji 


7 fit. CMP?) Biees eer i? 

Ls out't nAche ROGET EES ee xeiginon nie 
paan Gdo ape !@ ori we "ae Kat tan® ad of bi 
1 stiterioxs trek Lo: eBbs4 Leer ¢ oar <> 

es | nr ig sib 3 ered NAAR Ie: Snes wea 


75.2 ‘alta sich MS Suaaaxpos Tihs: 


Zs ~ete-)* sah ic tee vetadgals | ee oe x) 





g ’ 1 7 
a1 i (te shit petac me ashe Bete a}. ttt Yeh Ms 


146 


and exchange of ionized organic ions with counter ions 
in the resin. For instance, weak acids in aqueous 
solution can both be sorbed and exchanged on anion 


SS 
exchangers. The reactions can be expressed schemati- 


cally as 
ee — Anion 
HA A exchange 
resin 
Pele ate ee me eae ee Cio aS SSS > 
HA preg <'s a : 
H + A Solution 
Lassie 


Step (1) represents sorption of the neutral molecule 

HA, (2) dissociation, and (3) exchange of the A anion. 
The relative magnitudes of steps (1) and (3) depend on 
the dissociation constant of the weak acid K,, the_ 
selectivity of the resin for the ion A and the con- 
centration of HA. For relatively weak acids (K, = LOg oe 
molecular sorption is always greater than ion exchange 
sorption, according to Tsitorich and Semenova!>>, 
Molecular sorption of benzoic acid on the anion exchange 
resin AN-2F in the Cl form was found by them to be 

1.5 to 7 times larger than that sorbed by exchanging 


benzoate with Cl in the resin. The same holds for 2- 


chlorobenzoic acid and 2,4-dichlorobenzoic acid. 
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Owing to the presence of molecular sorption, the 
apparent capacity of the anion exchanger was found 
to be abnormally ach aor 

The factors governing molecular sorption have 
been discussed previously. In addition to these general 
factors, for the exchange sorption of organic ions 
the resin selectivity toward various organic ions is 
involved. The interaction of large organic ions with 
a resin has been discussed at length at the microscopic 


on in terms of water structure, 


level by Feitelson 
entropy change, and rotational motion of the organic 
ion. Macroscopically, this is similar to the sorption 
of nonelectrolytes, where two counteracting forces 
determine the selectivity. Thermodynamics (Gregor's 
model, Chapter I) favors the uptake of smaller ions due 
to osmotic pressure (Chapter I). Since the volume of 
most organic ions is much larger than that of simple 
solvated inorganic ions, the resin will prefer the 
inorganic species. Selectivity is even less for 
organic ions so large PER: they are physically excluded 
from entering through the small pores into the interior 


of the resin. Moskvichev and Ca OnOULian 


also attri- 
buted the low selectivity of organic ions to weak 
Coulombic forces between the ions and the fixed charge 


groups in terms of the Harris and Rice model (Chapter III). 


The decreasing selectivity with increasing loading of 
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the resin by organic ions was interpreted to be the 
result of dehydration of the resin. 

On the other hand, London dispersion forces 
are greater for larger organic’ counter ions, especially 
those with organic groups resembling the matrix com- 
ponent such as styrene-type compounds on polystyrene 
resins. Osmotic pressure is often the deciding factor. 
London dispersion interactions must be considered only 
when the relative selectivity of a resin for several 


organic ions is compared. 


Simultaneous Sorption and Exchange of Weakly Dissociated 


Electrolytes: Organic Ions as Coions and Hydrogen Ion 
as Counter Ton 

It is of interest to know how sorption of a weak 
acid is affected by the presence of other electro- 
lytes as well as by dissociation of the acid. A related 
unresolved problem is whether molecular sorption of a 
weak acid HA and electrolyte sorption of the organic ion 
A ona sulfonated cation exchange resin are independent 
of each other. 

The experiment described here falls into two 
parts. The first part is a study of the simplest sys- 
tem, where the weak acid HA is in equilibrium with 


sulfonated polystyrene resin in the Ht form. From this 


work the behavior in the resin of a weak acid HA and 
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its coion A can be obtained. The second part is an 
investigation of the system HA-NaC1-H.0-sulfonated 
polystyrene resin. This system was chosen because the 
exchange sorption of protons with Na’ is well known 
and can easily be measured independently by using a strong 
acid, such as HCl, under conditions where no molecular 
sorption takes place (Chapter III).. In the case where 
Organic ions are present as counter ions, for example 
R,NH Cl -NaC1-H,0-sulfonated polystyrene resin, the 
exchange sorption of organic ions cannot be determined 
without interference from other species that form 


simultaneously through reactions such as hydrolysis. 


~ hs = 
R,NH +H,O #@ H,0 + RN 


The data required for the first part were ob- 
tained from Reichenberg's wOrke >. For the second part 
the systems phenylacetic acid (HPAA) -NaC1-H.0-Dowex 
50w x 8, benzene sulfonic acid (HBSA) -NaC1-H.0-Dowex 
50w x8, and chloroacetic acid (HCAA) -NaC1-H,0-Dowex 


50W x 8 were studied. 


Thermodynamic Model 


Most weak acids in aqueous solution undergo 
dissociation to a known extent, but their behavior in a re- 
sin phase is usually not known. In the homogeneous model, 


where the resin is regarded as a concentrated solution 
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phase containing H', HA ana AW, 2s reasonable. ta 
postulate that the equilibrium between HA and A~ in 

the resin, K,, will possess a dissociation constant 

of the same order of magnitude as that in aqueous 
solution. “The counter ion concentration being as 

high as 6 M in the resin, dissociation in the resin 
phase is subject to a SUrOnG salt rerrect under ‘condi — 
tions where the activity coefficients in the resin ie 
differ somewhat from the external SOMMCLON, a shignt 
deviation of K, from kK, is expected. The whole process 
can be represented by several equilibria, schematically 


shown as follows: 


a 
H Cation 








ead?) ae — —— exchange 
HA H + A resin 
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Scheme 1 

Step (1) represents molecular sorption, (2) 
internal dissociation, (3) dissociation in aqueous 
solution, and (4) and (5) Donnan invasion sorption. 
A similar mechanism has been proposed by Gay tekava ae 
for different systems. The equilibrium between sul- 
fonated polystyrene cation exchange resins of Se, Oy 
and 15% DVB with acetic acid, propionic acid, n-butyric 
acid, and benzoic acid was studied by Reichenberg and 
Walle. Only the results for 10% DVB resin, shown in 
Table 17, were used to test the hypothesis proposed 
above. 

The value of K. is immediately obtainable if 


values for ay ap and HA are known. The data provide 

only Ht and HA, and therefore iM has to be determined 
before K, can be calculated. Since HA is a rather weak 
acid and the internal proton concentration is high the 
coion concentration i has to be very small if the assump- 
tion that Ky x K, is to be valid. The large amount of 

HA sorbed makes the accurate measurement of AT impossible. 
However, because it is known that sorption of the coion 

of a strong electrolyte is governed by Donnan invasion 


theory (Chapter III), so that the internal molality of 


coion is proportional to the square of the concentration 


of dissociated electrolyte in solution, A can be 


estimated. 
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This system can further be checked by thermo- 
dynamics. If Equilibrium (2), described by K., Scests. 


then the following relationships also should exist: 





HB. x, 
[HA] - 
a ae 
PANE ts KA [A ] step (4), Donnan invasion 
: = [HA] 2 
ate NS = K,{[A ] 
ae [H] = 
== . 
and Piles 7 
—s 
K 
A — —4 -,2 
= [HA] = —- = [a y° . 
Me tS 
a1 
[A ] can be related to CA by making the assumption that 





[HA] = Cj, the total acid concentration in solution. 
2 
aS aga 
Then 
Pee aS 
HA = — ex < (19) 
Rav 
—i-s 


For the case of true dissolution, [HA] is proportional 


to Cor with a proportionality constant Ky (Equation 
(17a)). Comparing Equation (17a) with (19), k, (Kj) is 
found to be identical with K,K,c/K.V : 

—4-i-’-i-s 


the total number of unknowns in the system can be seen 


From Scheme 1, 
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equilibrium equations available is 5, and there are 
also 2 equations in charge balance and 1 equation in 


Material balance: 


+ -_ 
Pies “1 At) charge balance in solution 
= —_ c ' 
[iiale-= [A.J + Charge balance in resin 
—s 
Cas [HA] + [A ] material balance in solution. 


Thus there are altogether eight equations for six 
unknowns. However, Equilibria (4) and (5) are iden- 
tical, since H’ and A” cannot be separated, and 


Fquilibrium (1) "ais also; dependent because K. or k 


af 7 


can. be calculated from Equilibria (2), (ieeand.( 4) 
(Equation (19)). Thus only 3 independent equilibria 
are available, but are sufficient to completely define 
the system. 

Tisis=possiblesthat the ssorption of a non— - 
electrolyte is not true dissolution, but rather sur- 
face adsorption as described by the Langmuir isotherm 
(Equations (16), (18a), (18b)),and so is not compatible 
with Equation (19) as derived. Scheme 1 would then 
have oversimplified the real situation. It can be 


* p - 
further postulated that in surface. adsorption, H and 
A are not in direct equilibrium with HA as measured. 
Thermodynamics makes use of an activity coefficient oe 


to reconcile these two factors as well as to correct 
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for "non-ideal" interactions from Surface adsorption. 
Scheme 1 is still valid, for the activity coefficient 
a is incorporated into Equilibrium (2) such that 


Equation (19) becomes 


VHA) S= c 





Comparing this expression with the Langmuir isotherm 


Equation (16): 


mee ecm 


i erie Bi Sess 





The magnitude of Vi eeventes linearly with the external 
concentration Co, and ranges from 0 to 1 as the sorption 
varies from surface adsorption only to true dissolution 


only. The physical significance of is that those 


iy 
molecules sorbed by London dispersion interactions are 
net entirely in the internal solution where the equili- 
brium occurs, even though the interaction is so mild 

that the molecule is practically in the internal solution 
Witla limited degree of freedom; the molecules still 


experience an attraction to the polymer skeleton to some 


degree so that they are not completely -"“free%.2) Thus 


hel 
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—_— 


Yy represents the freedom or the magnitude of aeenaction, 


andete*lesssathane.. 


Scheme 2 
An alternative to the thermodynamic approach is 
a model in which one more Equilibrium (6) is incorporated 
into the system outlined in Scheme 1. The new scheme, 
then, is: 
6 Ke H’ resin 


soy fre cele a ara. 


HA HA 


Se 


HA H + A Solution 





In this system the HA sorbed can be divided 
artificially into two types: those molecules "belonging" 
to the matrix surface and interacting strongly with 
the backbone, HA*; ana those in the internal solution 
which are free of interaction, HA. The acid HA in the 
a eeria i solution is not in direct equilibrium with HAL. 
but must enter the internal solution bares it can be 
sorbed on the surface of the Peer n@eceia:on therefore 
HA” is directly in equilibrium with HA, which itself is 


equilibrated with the solute in external solution, HA, 
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as expressed by Equilibria (6) and (1). Using the same 
analysis procedure as in Scheme 1, there are seven 
unknown species and nine equations (two charge balance, 


one material balance and six equilibria), with K) 


(k, in Equation (17a)) equal to K,K,c/K,V, and 
‘_— 
ag = CR 
1+ kK[HA] 


Creeneess <scdu1iibria Only oun, 6, 2,765, nand oO, are 


mutually independent. 


The quantity of sorbed acid measured, er is 


Enus che sum of two Lorms: 


HA, = HA + HA™ : 


Since HA~ is only a hypothetical species, there is no 
way to measure HA and HA* separately, However,: they 
can be estimated by making several bold but valid 
aosumotions. © Equilibrium (1))1s)a true, dissolution 
step, where HA is not subjected to any non-ideal 
interactions. Being a neutral molecule, HA is also 
not affected by the high charge density and high 
dielectric constant present in the internal’ solution; 
the distribution coefficient K, as determined by 
the osmotic pressure and the size of the solute mole- 


cules .(Chapter «<IlIl, Equation (i2)));. 


Ky cexp{- =| (20) 
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It is not easy to obtain good experimental values of 


Vy the partial molal volume of the solute, which is 


defined as (dV/9dn,,) , 
N T,P474\2> 


the addition of one mole of solute to the resin under 


the volume increase upon 


specific internal conditions (same water content and 
seomiteeacetnat at the sorpetonmeondi tion)... Lt as 
related but not directly proportional ‘to, the molecular 
weight of the solute, and also somewhat different from 
the partial molal volume in water owing to the presence 
of a resin matrix that will squeeze the solution into 

a smaller volume. As calculated by the addition rule, 
V,, should also be smaller than the molecular volume at 


N 


the boiling point, where the molecules acquire greater 


translational freedom. The value of Vu is assumed to 
be around 50%100 em?/mol, while t varies from 0 to 500 
atmeranamseapout P20 7atm for 82 DOVE, and 200 ,atm<tor 


159,87 


10% DVB So K, lies somewhere between 0.8 and 


al 

Oma meer Cheeresin- 1senoesicgity crosslinked and (the 
volume of the solute is not exceedingly large, K, can 

be approximated to be 1. A similar argument holds for 
Donnan invasion sorption of the A organic anion, which 
depends on the osmotic pressure term in a similar 
fashion (Chapter III). The valuesof K, and K, can be 


approximated by sorption of the strong electrolyte HCL 


on the resin in H’ form (Chapter III, Equation (13a)). 
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The extreme case for Scheme 2 will be considered 
now. If the solute is too large to penetrate into the 
pores, sorption can take place only through surface 
adsorption, and Equilibrium (2) will not exist. Scheme 1 


then is reduced to a simpler form: 


HA* H’ a ae ae resin 
of seed fe He 
ae ae sed, ; 
HA H + A Solution 
S 


In this scheme the six unknowns can be solved through 
use of three equilibrium expressions (Ut eats oF 
(4) on €5)*) and three charge-material balance equations. 
Peer seal so physically excluded, the scheme is further 


reduced to 


ae Resin 


HA at Ae Solution 





where there are four unknowns; two equilibria, one charge 
balance a yo and one material balance ([HA]+[A ]= 


aoe 
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Interpretation of Previous Work 
pee ee LOU NOLS 


The thermodynamic models proposed above can be 
tested with the data from Reichenberg and Wall's? +> 
experiment, where the sorption of benzoic acid, ng 
butyric acid, propionic acid and acetic acid HA, 
were measured for sulfonated polystyrene resin in the 
hydrogen form at 2.5%, 10% and 15% DVB. Only the 
data for 10% DVB resin, shown in Table 17, was used. 
Figure 23 shows a plot of log HA, Gaels ca On Co- 

Acetic acid, benzoic acid and propionic acid all form 
straight lines With¥s Lopes one0)..90m* bh. 0 and 0.7.4. ae 
Butyric acid shows a concave curve that tends to flatten 
at high concentrations. 

AS was mentioned before, true dissolution can 
be assigned only when the molality ratio is less than 
unity, and the slope of a plot of log HA, against 
log[HA] is equal to one. Apparently, acetic acid does 
meet the requirement except that the slope (0.9) isa 
little less than one, which indicates the presence of 
Slight interaction. Thus acetic acid can be regarded 
to be sorbed primarily by true dissolution. Propionic 
acid and n-butyric acid, especially the latter, have 
larger London dispersion iivsrecrei tase a larger 
molality ratio. They are sorbed by surface adsorption. 
Benzoic acid has a slope of one, yet a molality ratio 


of five. This large molality ratio indicates an 
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Table 17 
Internal dissociation constant K, of organic acids 
inw@lagroredried (5.3 meq) 102 DVB sulfonated polystyrene 


resin in the hydrogen form at 252Cee 


solute Molality Solute H50 ot AT (Ki)y (K 5), Ky 
sorbed sorbed ig %m ued 
HAE g ie ee las 
m moles ie 10 
Benzoic 0.0100 0.045 0.84 8.04 4.95 5) .0%.63 25276826. 46 
acid 0.0200 0.089 0.84 te whe nd ROG OS AS 
Acetic 0.0100 OF 000 0884 yo) 8 1 2 8]. ere 
acid OF0200 02015 0.84 Sie) Daa, aE 
0.0503 07030 0.84 9.41 epee a ERs: 
OSL0L 0.059 0.84 (LS) L2r4 eee eS 
OR? OP. OS 1E6 0.84 TSe9 PENS OE ek pee 
02514 Ope Hesse SE Gs Use ie > 
e056 OF 53 Ono As. Or el 20. eG 
ee a 0.97 OMS OO 2es woes shehss 
Prop— 0.456 O28) Omo 3 ae 2 Atay Ae OSS = b. iaeelvs4 
ionic 0.941 Oo 4 Oeo2) 35.5 88 Hes Ome ee 
acid 20-53 0.93 OVS 08] 515-9 SAL Se Ries eee 
n OF 541 Gnas Umas. 2957). 5S O786 S173 8 1.54 
DUG yis1 Cael el 34 Om A Oe oe ate Bo 2 LeU Gee eles 
acid Ape sii WG OFS 7 OMG oo 74) ZUG else 4 


“Data calculated on basis of one Gram (5:3 meq) of dry 


resin. 


fo’ 2 Sh RD 2S 


i) o.| be ceria ays 
ae * 
“4% 
A (8) 


% 13 ee } 
hr 
tt 
1 i 
— 
~ = 
' 
t h 
i) 4 pe 
I a. 2 £ 


CL shee ee a: 


| 


ee ootey 






















ee ieneaat: its A 
Uphemr Gye) Bekah 10. {abe 
oh asiposben ents aan 


. 


sabe. es btancll osu Loe! 


fom ™ | 


oofa.0 


nt Set Y 
é Ddk0.0 


664.0 
POD .0 “, OL0.0 
efo.8 ~ OPS. 
ae £020.0 
0.¢ fol. 0 1 ae 
; $68.0 
too bre. 9 oy 
£2.G eco... 
e.0 bess 


ce. 0% Pee .G - 
h2,0 ree. Barto ea 
fy om # 215.3 biss - 


4 fees : 
“ S8ind 
thes 


A fe. a 
Ne pad a 


1.0 } eg 










0.1 n 
wo 
Oo 
£& 
= 
<{ 
= 4A Benzoic acid 
VY nbutyric acid 
0.01 OO Propienic acid 
oY © Acetic acid 
0.001 
0.01 0.1 1.0 
[HA]M 


Figure 23. The sorption of organic weak acids on 
5.3 meq Dowex 5Osaxeoran a form at various organic 


acid concentratiors in external solution 
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adsorption mechanism is involved, because the 
Langmuir isotherm expression has the same form as 
the expression for true dissolution at low concen- 
eration. 

The sorption of the Organic anion (conjugated 
base) of each of the acids can be approximated by the 
Sorecron Gf -Clh in HCl solution with the-vesin in the H* 
form. Sorption of Cl had been measured in an earlier 
part of this work (Chapter III, p. 71, Equation (13a) ) 


and found to obey the empirical equation 
iN ep ple 


on the basis of 16.9 meq of resin. Reterring to one 
gram of dry resin in the hydrogen form (5.3 meq/g), 


the equation can be rewritten as 


Ae 69 6 InTAS | (21) 


where A is expressed in weg and [A] in M. Then [A ] 
in the aqueous solution can be found from the following 


formula: 


—.2 


The quantity of coion sorbed per gram of dry 


H* resin, A,can be calculated readily and is shown in 


—— 


column 6 of Table 17; HS is equal to 5.3 meq, the 


Capacity of one gram of dry resin. The internal 
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dissociation constant can then be readily calculated. 


(Rae i’ aes 
ae of ibe 


The bracket and subscript 1 refer to the case of true 
dissolution. The values of Sis are shown in column 7 
of Table 17. 

It was found ee for acetic acid is 
nearly constant, except for a slight increase from 


2 tosis avis with increasing concentration. 


Led0g 
This variation may be caused by the presence of Slight 
London dispersion forces. The value of ae reaches 


1.8x 107 


, equal to that in the external solution 

(K; = 1.76 x iden) at high concentrations where the 
interaction becomes insignificant compared with true 
dissolution. Propionic acid shows a greater variation 
in (Kilo: and reaches 1.3 1027 at high concentrations 


(Kil— 1,84 2052 


). The value of (Ki) for n-butyric 

acid shows the largest variation. Being the biggest 

of the three acids, n-butyric acid interacts most strongly 
with the matrix. The final value of (Ki), FS DENS x 1OES 


which is larger than K, (1.54*x LOwe 


Pe, (Kj), for benzoic 
acid is 10 times less than K, (6.46x107°) due to the 
interaction being strongest. 


It appears clear that propionic acid, n-butyric 


acid and benzoic acid all undergo surface adsorption. 
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According to Scheme 2 HA, but not HA,, is in equili- 


; = ; 
brium with H and A. Since the partial molal volumes 


V,, of these acids are not known, K 


N and thus HA can be 


ik 
estimated only with an accuracy of an order of mag- 
nitude as follows (see Equation (20)). The osmotic 
pressure for 10% DVB resin is 210 een! a The molar 
volume of acetic acid, calculated from its density of 

1.1 g/cc, - is equal to 54 ml/mole. On the basis of 

strong interaction of acetic acid with water, and the 

Sie ecine BErect of the resin, it is reasonable to 

assume that the volume is reduced by about a factor 

GLpeo se this gives a value of Vy LOneACetIC acid Of around 
30 ml/mole. Using a value for R of 0.08205 atm 1/°K mole, 


and a temperature of 300°K, K, can be estimated for 


1 
acetic acid to be 


— TV /RL 


Kyeece = 70.8 


Estimating the size of benzoic acid to be about 
double that of acetic acid, or 60 ml/mole, then from 
Equation (20) K, for benzor1c acid) 1s 0.6. For propionic 
acid and n-butyric acid K, should lie between these two 
values, and is estimated to be 0.75 for propionic and 
0.7 for n-butyric acid. Using these values, (Ki). 
the internal dissociation constant with surface ad~ 


sorption, can be calculated for propionic acid, n-butyric 


acid and benzoic acid by 


ehaalgoyq 
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one Le aed [HY] [a7] 
ere [HA] K, [HA] 


The values of (K;), obtained are listed in column 8 of 


Table 17, and can be compared with K, in column 9 of 


Table 17. (Kj), for benzoic acid is 5.6x 10> 
(K, = 6.4% 10°), for propionic acid 1.1x 107° 
i ese : 


= AS Wy; and for n—-butyric acid TA xel Om 


OS = ane 10m) 


By introduction of Equilibrium (6) into Scheme 2, 


ae can be rewritten as: 
eo) = AE eS ee 
pa a) ~~. 2 V_K.K 
[HA] VKiK, [A ] —s~-i-1l 


and constant values of (Ki), can be obtained. In any 
event, the magnitude of (Ki), can be used to confirm 
the existence of Equilibrium (1) in Scheme 2, as well 

as the internal dissociation Equilibrium (2). The close 
proximity of (Ks), to K, validates Scheme 2, whereas 

for acetic acid (Ki), is close to K,, which indicates 
Scheme 1 is valid for this acid. 


Neither (K,), nor (K.), appear to be 


> 
seriously affected by the high charge density in the 


resin phase, 
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A last question to be considered is whether 
K, can be measured directly without making the 
approximations introduced above. Measurement of K, 
requires a knowledge of HA and ie. The portion of 
sorbed HA present through true dissociation, HA, must 
be free of interaction with the matrix. HA is equal 
to HA, if it does not interact with the matrix at alli, 
which is rare. . AT also cannot be measured due to 
masking by HA and HA”. If a physical method were 
available which could distinguish among HA*, HA and 


—_—— 


wy then K, could be measured directly. 


Simultaneous Sorption and Exchange: HA-NaC1-H,0-Dowex 
50W x 8 
Experimental 

Reagents 

All reagents used were of analytical grade as 
described in Chapters II and III, except for benzene 
SuLLonTecacia, er tososcetic acid, and phenylacetic acid 
(Terochem Laboratories Ltd., Alberta) which were tech- 


nical grade and were used as received. 


Preparation of solutions 
The same scheme as in section 2 of Chapter IV was 
used, except that HA and NaCl were employed in place of 


NaCl and KCl. 
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Procedure 


Three acids, benzene sulfonic acid (HBSA), 
Phenylacetic acid (HPAA), and chloracetic acid (HCAA), 
were studied in this experiment. The detailed procedure 
used was as described in Chapter III. The eq librating 


solutions contained [NaCl] equal to 0.1, OT ayo and 


BeoaM, ands [HAl@equal to 10™. 2x 107°.-.5x 10s, and 


10 Paine M. The exact concentration of the specific 


acid was found in each case by titrating the 0.1 M HA 
stock solution with 0.1034 M NaOH, using phenolphthalein 
as indicator, and was found to be 0.1026 M for HCAA, 
0.09714 for HPAA, and 0.104 for HBSA. The concentration 


of HBSA in the equilibrating solutions for the first 


part of the experiment was 1.004 x aes. 2.008 LOM 


a 4 


5.02 x10 ", and 10.04 x10 ~ M;[HPAA] for the second part 


of the experiment was 0.924 Onis 1.848 xe Odie 


4 


goo 108s and 9224108 M; sand, [HCAA] for the last 


part of the experiment was 1.026 x Cabs 2.054% OMe 


5.135x 1077, and 10.26x1077 M. 

The equilibrating solutions were passed through 
the column at a flow rate of 120 ml/hr. A glass elec- 
trode was used as monitor, and the flow was stopped 
when the pH of the effluent had decreased to a constant 
value equal to that of the equilibrating solution. The 


column then was washed with 0.8 M NaCl for the HCAA and 


HBSA cases, and with 0.8 M NaOH solution for HPAA, 
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The washings were collected in 50-ml volumetric flasks, 
diluted to the filling mark, and then analyzed for 

acid content (or A’ content, in the case of HPAA) by 
UV spectrophotometry. The same equilibrating procedure 
waS carried out twice for each equilibrating solution; 
the second time 50 ml of 0.8 M NaCl solution was used 
to wash the effluent from the column for all three 


acids, and the acid content was determined by coulometry. 


Determination of HA and A_ by UV Spectrophotometry 


A double beam UV spectrophotometer, Unicam 
SP 1700, with absorbance scale expansion (A = 1,2) was 
used for the UV measurements. The measurements were 
taken in 4-cm quartz cells with a deuterium source lamp 
and an A setting of 1. The cells were not identical, 


and so could not be exchanged during this work. 


HBSA 





This compound has a strong absorption at 240 to 
280 nm, which corresponds to the benzene B bandas 
The background caused by the presence of 0.8 M NaCl and 
HCl was corrected for by using 0.8 M NaCl and 2x Tos: M 
HCl as reference solutions. The measurement was made 
at a fixed wavelength of 262 nm, which corresponds to 
the highest peak in the fine worn ntree of the band. 


An adjustment of the wavelength was made until the 


largest reading in A was obtained. The absorbance was 
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then recorded from the digital screen display with the 
wavelength unchanged for the rest of the measurements. 
A calibration plot was run on five standard 


solutions of known HBSA concentration: 4.016 x Om 


4 & 


peudGoe 108 1 004*x 10% - 


, 0.4016x 107, and 0.2008 x 107 
M. Each contained a matching matrix, i.e. 0.8 M Nacl 
and 2x Oke M HCl. The calibration plot was linear, 
and showed no curvature at the concentrations used. 

The concentration of HBSA in the 50-ml volumetric flask 
could be obtained from the calibration graph once the 
absorbance of the sample had been measured. The value 


for HBSA was then obtained by multiplying the con- 


tel 
centration by the volume collected. Because HBSA is 
completely ionized at the concentrations employed, 


error due, to partial ionization 1S not present. 


HAA 

The procedure used here was the same as des- 
cribed in the previous section except that 0.8 M NaOH 
was used as the reference solution. The absorption peak 
used was also that of the benzene B band, as reported 
in the literature’ >. The measurement was done by 
scanning from 200 to 280 nm at a speed of 100 nm per 
min. Each Sample was measured twice and the absorbance 


reading taken at the wavelength of highest absorbance, 


258 nm. The standard solutions for the calibration plot 
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S 4 4 


contained 7.165 x10 fe Lk eal 0 ome 
0.8956 x10, 0.4478x 1077, and 0.2239x 1077 M HPAA 


a he 35ers 08 


in 0.8 M NaOH solution, Values of HPAA, , were obtained 
by multiplying the concentration of HPAA read from 


the calibration curve by the volume collected, 50 ml. 


HCAA 





The carbonyl chromophore of chlorcacetic:acid 
absorbs at 204 nm with a molar absorptivity of 4.1. 
This absorption is caused by a n*7* transition 
(R senen Since 204 nm is near the edge of the 
spectrophotometer range, care must be taken if reliable 
results are to be gotten. The background solution of 
0.8 M NaCl showed a strong absorption at 204 nm that 
blocked use of this wavelength. However, chloro- 
acetic acid solution also showed a broad band at 220 to 
240 nm without fine structure. To eliminate most of 
the NaCl interference, a wavelength of 238 nm was used 
POT Uo readings of absorbance, with a solution 0.8 M 


in NaCl and 2x 1073 


M in HCl as reference. An internal 
addition method was used. The absorbance of the sample 
A, was taken with HO as reference; then a precision 
syringe (Hamilton) of 0.1 ml capacity was used to add 


0.08 mi ofll.026 x 10m. 


M chloroacetic acid into the 
sample cell, the volume of the sample cell having pre- 


viously been determined to be 12.85 ml by weighing 
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before and after filling with H,O. The absorbance A, 


was recorded again assuming that the volume had not 
changed by the addition of 0.08 ml acid. Finally the 
absorbance of the background solution, 0.8 M NaCl plus 


3 Ul 
M HCl, (B) was measured. 


2x 10° 
Letting c be the concentration of the sample 


HCAA, in moles/£, and a, be the molar absorptivity, 


then 
ey 2 eters in! 
O rn oes 
ALS Sipe « MOS ca 
1) Sets ono 5> eae 
and 
a (plies, 1.026x 10 *x0.08 , 
= » ‘A =8) {22 oo5 ee 
abs 5 


= (ae) (6.388x 10 ~) 


Results and Discussion 


The sparen were run at trace concentrations 
of acids, which simulates the condition of a trace 
solute in ion exchange chromatography. In the concen- 
tration range of Ome M or less, weak acids may undergo 
appreciable dissociation, so that simultaneous sorption 
and exchange have to be considered. The results of this 


experiment can also be used to prove the association 


theory in Chapter III indirectly. This is discussed later.. 
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HBSA-NaC1-H,0-Dowex S5O0W x8 System 
ie ti Ea cs ae a neice lg ae Bec ae 


All data were Calculated on the basis of 16.9 meq 
of resin. The results of the measurements are given 
in Tables 18 and 19. Since HBSA is a strong acid 
(K; = 0.2), it can be considered completely dissociated 
at the concentrations concerned. The amount of HBSA 


sorbed, HBSA uncorrected for dead volume vee was 


thos 
measured from the calibration curve, then multiplied 
by the volume collected (column 6, Table 18). The value 
of HBSA, , , divided by C., the total concentration of 
HBSA in solution (column 7, Table 18), was found to be 
approximately 3.5 ml, or equal to Wen within experimental 
error... it 1s concluded that a strong acid like HBSA is 
not sorbed by sulfonic acid ion exchange resins to any 
significant extent, even though HBSA has a structure so 
similar to the resin matrix that a large interaction 
is expected. The solution contains appreciable quan- 
tities of BSA® Stes but only the molecular form of 
HBSA is responsible for the molecular sorption. Thus 
Equilibria (6) and (1) are verified. Furthermore, the 
observation that sorption of coion BSA is also neg- 
ligible shows that Donnan invasion is still the 
dominant factor in coion sorption. 

a 


uncorrected for dead volume of the column, was divided 


The total H* sorbed, (Table 19, column 3), 


by Cc. (column 5, Table 19) and compared with the 
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Table 18 


Spectrophotometric determination of benzene- 


sulfonic acid HBSA on Dowex 50wx 8.7 


[NaCl] Cy Absorbance 
ofethe 
M M : 
— — washing 
x10 7 
One 10.04 Oa: 
52020 0.060 
2.008 0.030 
1.004 0.016 
O72 10.04 0.120 
55020 0.083 
2.008 0.026 
1.004 0.008 
0.3 10.04 0.126 
O20 0.063 
2.008 0.018 
1.004 0.012 
G25 10.04 0.138 
52020 0.067 
2.008 0.019 
1.004 0.008 


“Based on 16.25 meg of resin. 
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Table 19 


Coulometric determination of Ho sorbed on 


(16.25 meq) Dowex 50W x 8 H” in HBSA/NaCl mixture. 


[NaCl] ie 
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200 [Naci]= O1M 





fe) HBSA 





—— HCl ( Figure-5 ) 


[H4]}x 10° M 


Figure 24, Comparison of the ratio of total sorbed HBSA 


0 2 4 


on Dowex 50W x 8 over Ht concentration in equilibrium 
with HBSA in external solution at various H* and NaCl 


concentrations and with that of HCl in Figure 5, 
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results obtained for the system NaCl-HCl-Dowex 50W*x 8 
in Chapter III by a plot of log HT, /C, against Cy 
(Figure 24). The value of ec for HBSA falls 
Closely on the lines obtained for NaCl1/HC1 exchange 
after correction to the same capacity of 16.9 meq. 
This indicates that the organic coions have little 
effect on the exchange sorption of counter ions, and 
that the abnormal high ae sorption at low ae concen- 


tration is still observed. 


HPAA-NaC1-H 30-Dowex 50W x8 System 


The effect of- incomplete dissociation: of an 
electrolyte on its ion exchange behavior has been 
Pepeceed The systems studied were 0.1 to 0.01 M 
sodium chloroacetate on Zeo-Karb 225, a sulfonated poly- 
styrene resin in the hydrogen form, and sodium acetate 
on the same resin. The effects of neutral molecule 
sorption were neglected, although this is usually not 
justified for weak electrolytes. The system as a whole 
is complicated, and involves many equilibrium steps 
due to incomplete dissociation of the weak electrolytes. 


Utilizing the same treatment as in Scheme 2, a third 


scheme can be written: 
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7 equilibrium and 4 material- or charge-balance 


expressions are required, 


Gear BLA cle ae HAL 


[A] = [H'] 

[cl ]= [Na‘] 

Aa here = ae a Ge at xe 

All the equilibria are mutually independent. 
ine strength of the London dispersion, interactions 
determines the existence of species HA* through 
Equilibrium (6). “UEquilibwyas(l) =¢2), .(3),- (5). ana 


(6) are essentially the same as described in Scheme 2, 
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butsEouilibria (4) and "C7\eare entirely different in 


that (4) is an exchange reaction with ao replacing Na’, 


i Ate Naw) 
—4 —H/Na [H*] [NaF] 





and (7) is a similar equilibrium involving the A and 
Cl coions. is Cane bere earned independently from the 
exchange of the strong acid HCl and NaCl. Equilibrium 
(7) is also an exchange Sih oa in which A exchanges 
with the major coion Cl in the resin as if the resin 
were an anion exchanger. Similar to the exchange of 
cation, the equilibrium between A~ and Cl~ will be 
established at a level that depends on the partial 
molal volume difference between A and Cl. The deri- 


vation is given in Appendix III. 





[AvInere 
Keo ak = piece ie be 
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AS was revealed in the experiment on HBSA 


sorption (section 1, Chapter V), there is no significant 





sorption of BSA coion. Thus PAA should be very small 
compared with HPAA,, and the absorbance measured should 
come from the molecular species HPAA only. The amount 
of HPAA sorbed on the resin, HPAA, , as obtained from 
‘the absorbance data, is shown in column 8 of Table 20. 


The value for HPAA, has been corrected for the contri- 


bution from the column dead volume. The concentration 
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of HPAA sorbed on 16.25 meq of Dowex 50W x8, HPAA, 


Coulometric and spectrophotometric determination 


Table 20 


HPAA/NaCl mixture at 25°C, 


[NaCl] 
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c 
=) 


[HPAA] 


[H"] 
(=[PAA7]) 
10 M 


H (Hy 


) 


eq 


in 


bE) 


HPAA 


HCI/NaCl Coul. 
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of neutral species HPAA present in the external solu- 
tion in equilibrium with HPAA can be estimated from K,, 


assuming negligible activity effects. 


pet ane Sige Cota 
UE) GS AERIS) Sp ae (22) 
and 
PIPAR] > Cou 1PAAa 


The values of [HPAA] and [H’] (or [PAA ]}) are shown in 
columns 3 and 4 of Table 20. The internal water content 
of 8% DVB Na’ sulfonated polystyrene resin has been 
reported as 9 moles/per equivalent of resin®’, which 

is equivalent to 2.6 g of water per 16.25 meq of resin. 
The molality ratio, calculated by HPAA, /V[HPAA], is on 
the order of 15 (column 4, Table 21), which is larger 
than the sorption of benzoic acid on the resin in the 
H form (5.5). Plots, of log HPAA, against log [HPAA] 
attGur NaGli- concentrations, 0.1;,0.2, 0.3 and 0.5 M, 
all yield straight lines (Figure 25), with slopes of 

1, 0.90, 0.96, and 1.17 (average of 1). High molality 
ratios and slopes of unity together indicate strong 
London dispersion interactions at low concentrations. 


The extent of molecular sorption, HPAA,, 


influenced by [NaCl] up to 0.3 M. The slightly lower 


is not 


value for HPAA observed at [NaCl] = 0.5 M may be due 
to activity effects and to shrinkage of the resin at 


high electrolyte concentrations. 



















ni 2pevediq AAG oh ini 


— 


s [saduen 20: 


: ony v 4 id ' 

ew] rom ACUE de lw mobidilivgs al nere a 
i _ 
eiootts yitvitoe eldiolipen primvess 


iff 


76 & Bre f_ eonuloou: 


2g Dk ; tT 
(ot al hes ‘evict: betanol ine -el AY? ge ie 


“4 es » yaq\eslom. @ us Sertoges 
* le 
ai oq toga0 No ¢ 4A og inalsvinpe et y 


' 


% “BRA V\\ ASG te betsTovlao ,okden wii keton aan 

ae er : 
in cri | .tih eide s aogles) cL 20, y8eivo eng : 

é | ; a 

fi i f fl my . tio [ | 7 Hor JOLose en? anit 7 


a + nm 
pol Jehisis Wii pot to adele”. .t¢. a) aren ae 


y : » be ‘. ” P d Lal | 
b ) LON ek ie jotiexrtnepaeb Ist wes 46 
: o 
ds uegehe dazy sxpkt) semkl iets tae braky rks ‘’ 


ra bi edo rf £3 “Aa O) pet ove a Poe ite 0. ANE O's 


igang a2medlbiid eset ythen *e e6udie has, ee 


Cole fa ia An a : ian!) ia i it 






(iesal 


ete) La6 7°8 87°0 vv°0 


Tamale y 20 G°€ cn 

Ti comm Lie G°s 95.0) 09 0G Our G*OT GL°0 OTe 

Bell, eLiac Tes Sete Ged. 6297 Onl TL Gaae Tess 

O76 S "SS 6°6 Zot © 6 Gee Gib Coren (Team Guatal G6°T 6Z°L S*0 
GEO eas 8°P Coyne Bag OMe tLe 9°9T 87 °0 vv"O 

CoO ee Gale Q°L SMO Oe OMG 8°6 GL°O OT°T 

TRO Tao CTL OTe Oe ce CT 8° PT Team T ese 

La cau 9° PT CES GBC GeOlee oe Of eb aaT G6°T 62% €°0 
CE Oe ee Piae 09 SOP | ASKSe ihe ES 8°9T 87°0 vv°0 

Taecsle | .6..S 6°8 920 %1090,0mea 9 Geel SL°0 Oar 

Gala. G26 oor Ole eG9 . Core ret Gav Tet Tee 

Ona ROCe TL Sea Cue GOES) “OTST Theo lemmrcicG T G6°T 6050 ZH0 
2595 =" 929 ans Gas Can Oe Gor 9°€T 8b "0 vv'O0 

TO peo S07 S*€T OF OW 0.9.90 eG Cee CLO Oil sr 

G°9  =S°*8T re OH 69° 2  92eG 8°ET Lak TEE 

Eo SSL DOCS Cte 05 Son Game ay v°ST G6°T Gar Toe 
¢-0T bor ber ber W, OT ben ber W nO W, OT W 
(€Z) TOPN/TOH 

abe 5 OO Ae Cri aie oeiul [vwaH] ([_vwa] =) 

pe +H =e eee Ree Cec | ee udm LO wwatt] [8] [wWdH] . [TO®N) 


"8x MOG X9M0G 


ut ‘WWdH ‘ptToe oTZeoeTAueyd Az0;F TY queqsuoo UOTFETOOSSTp TeUASQUT FO uUOoTReTNOTeD 





T? STdeL 


+ 


‘ 
al 


Pus 
m™ 
on fee a 
iad ew: 
in 
’ 
Wow 
“they 
® — 
~— 
J > 
Seow. + 
= 
<> m 
2» & 9 
e 6 
,. ¥ 
a} “yy te 
‘ ; . 
nm ry cv 
mm 
" 
. 
>! 
a’ —T 
“gr CY 
BT 


Pd 
2 







“Ys = > al Pant te» = a 
. 4 ‘ ° “ * »'° «a C2 me toad 
md 7-8 . Se ae ce chal =e 
’ a} 
(%) % mma i ® ole y 
a » @:5° © y ise 
pe me wom-e-T ° & 
fe by 1G 
2. 
; 
of 
4 
at Mm Chin 4 a a 
e ° ’ « > A?) > 
oe 4a Oh HO o — + 
— ie ite i4q haa | i. 14 per 
~. ~ 
ig +] 
bn ‘ 
ad 
y = 
14) 2) ® ro an —~< ts 
ad ‘ * s * « yw. a 
= » => C3 inn CM Ping E~ : 
* ~_s 
Oo & Fu oo @ a ih ta 
m oe rao a a Pa) 
. ‘ ‘ ’ ’ « i ts) 
ww oo wn =, = 
Le) ; _ 
mm & 
> + 4 os OS Pai 4 
. ? «+ © WY a] 
™ Oo D cy 7-9 ey hv 
ts : = 
P -o © ’ 
pa « & - 
i e od a, ‘7 : 
po | 
7 re 
. . 
’ 
) > Fad - tC oa Loe! yy | 
. al 4 a. o ; ; ! 
mu i oe Pl 7" ae PF fu ~ : a 
(== to, —) fee Poy pee — 


100 r-— Sj 2 are ee 


| Oo-—— [Nacil = O1M, Siope. !-O. 






iN ely — O-2 Vi, Stope 0:9. 





ped 


HPAAR 


| 10. 


: s 
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Figure. 25a. The total sorption of HPAA on 16.25 meq 

of Dowex SOW x 8 at various concentrations of HPAA 


and NaCl 
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1IO0: we : oa ms 
O — |Nacll = O3M, Slope 0:96. 


: eae OSM, Slope 1.17 





= 
[HPAA] x 10'M 

Figure 25b. The total sorption of HPAA on 16.25 meq of 

Dowex 50W xX 8 at various concentrations of HPAA and 


NaCl 
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The dead volume, ey: the exchanged Hue nae and 


the amount of sorbed material, HPAA all contribute 


t! 


Ha , measured in the NaCl 


LOvtner total acid content, tI 


washings by coulometry. The magnitude of ul at fixed 
NaCl concentrations is determined only by [H*] in 
solution, as is indicated by the study of HBSA sorption 


and by the independence of HPAA, on [NaCl] observed in the 


—_—= 


spectroscopic data. H’ is affected by neither the organic 
coion PAA nor by the sorbed molecules in the resin; 

a . 
therefore He at a given (H’] can be estimated from the 


HC1/NaCl exchange data in Chapter III, Figure 5. Then 


eerie ee 
OE ee me Nae] 


where Caan is the amount of sorbed hydrogen ion, 
calculated from the NaC1/HC1l exchange data. The values 
of HPAA, calculated in this way are listed in column 7 
of Table 20 and can be compared with the values of 

HPAA, obtained by spectrophotometry (column 8, Table 20). 
The excellent agreement observed between those two 
values validates the use of H™ sorption data from 
HC1/NaCl exchange for weak acid exchange. It also 
reveals that HPAA sorption is quite labile and rever- 
sible, since this species can be easily removed from 

the column by 50 ml of 0.8 M NaCl solution. The value 
of Chet eh was corrected for dead volume and was 


used for the calculation of K.. 
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Calculation of K, necessitates information on 


XK) [HPAA] and K, [PAA ], as well as data on Hee, RK, 


can be estimated using the same approach as given in 
section 1. A value for tT of 8% DVB resin in the 
sodium form is not available in the literature, but 


it can be considered to be approximately that of ae 


fesin, witch 1s 110 atmea moe Assuming V,, for HPAA 


N 


to be also around 60 ml/mole, then 


A 
| 


= exp[-110 x 60/0.08205 x 300 x1000] 


0.8 


g 


——= 


The value for K, is estimated to be unity, and Cl is 
estimated from the Donnan invasion sorption equation 


in Chapter Tit (Equation (4a)) as 
ata che 
Clim 408 Cis 


where Cl is expressed in weq, and is calculated on the 
basis of 16.9 meq. Converted to a basis of 16.25 meq, 


it can be written as 
are -,2 
Cla 402-1 Cinsi : 
The values of Cl~ thus calculated are tabulated in 


column 5 of Table 21. Once Cl is known, PAA can be 


obtained from Equation (A5c), with K, taken as l. 


PAA [eld 
[PAA ] cls 
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The values of PAA at different concentrations of 
[NaCl] and [PAA ] are shown in column 6, Table 21. 
Using 0.8 for Kj, values of [HPAA] were estimated 


from Equilibrium (1), Scheme 3, by 


[HPAA] = K, [HPAA] 


and listed in column 7 of Table 21. K, was then 


calculated from 


g,- iS Boe (23) 
[HPAA] v< (HPAA] 


and tabulated in column 11 of Table 21. 


The exceedingly large values of K, and strong 
dependence of K, on the external salt concentration 
indicate significant uncertainty in the estimates made 
or in the postulated equilibrium steps. As pointed out 
in the conclusion of Chapter III, hydrogen ion behaves 
abnormally in exchange, and has a retention volume 
nearly double that predicted by 2339455 


hoid=upi of HY is believed to be due to association in 


(X,=0). The extra 


terms of a homogeneous model. Using the same symbols as 


in Chapter III, He is the amount of Ht hold-up by 


association, and belongs to the resin matrix, whereas 


= | 
He calculated by Ka /Na 


solution and responsible for the internal dissociation 


(X,=0) is actually in internal 


equilibrium. From Chapter III, K 


Ku na n79 was found 


to be 0.87. 
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Then 
= 
H 
See ne =P 0, 87 
[H ] Na 
and 
— + + 
He = 0.87 18 Le _,0.87[H Hbad 
[Na ] Nae 
ereata 
= 14.1 [H " in meq . 
[Na ] 


The values of He obtained (column 10, Table 21) can be 


used to calculate K, by 








re Seng me Ry 
ze [H,] [PAA J Es ae PAA 
xi = a 
[HPAA] V< [HPAA] 


The K, thus measured has an average value of 5.5.x 1050. 


which agrees with K,; (5.2.x 10e2) within the uncertainty 
introduced by the various assumptions. The following 
section gives additional support for this value. 

The better value of kK, obtained from Equation (24) by 
taking into account the association of H’ furnishes 
further support for the theory developed in Chapter III. 
Ht is strongly associated with the resin phase, and does 


not take part in any of the equilibria occurring in the 


internal solution. 


HCAA-NaC1-Hj)0-Dowex 50W x8 System 
Attempts at the UV spectrophotometric measure- 


ment of the concentration of HCAA were unsuccessful 


187 


, Bray. 
nen? 

| i 

’ : ry = fan! — 

Saht 

a" tu} 
Bas 

$.2 LD. Bi ee a ee 














+ at a 
) f L_ 5} f bd] = Z 
e a1 
leat ~Of ameoioc bontetée wi to soo tev sat 


a ud (A atélonisa od Bsaw 
re 
= —— eT 
a {| AAS] [By 
ea ee - ee i a -_ = 


ens : . “ont. Bette noe 2 mo adT | 
» Tf) ) Ya aetw 2 2827>6 dotdyi 


~~ guotduqeas evoebtee erly yal bevuboste : 
fev nidt ae J: egte leaotsibiw eavite eee ‘ 

upd Mt fantetdo fl $e eile retded PAR 

defn sto is? ta staftninerng edd *HNGIO6 wen ehkaet | 

ELE zaityedt> 22 bagoloves yxoorls ‘gia 4 nas #309908 reddit ay) 


Tat “ar 





ie act daiw eer 
a i] ae 


= : ri: if .. « A ‘ » t —* 2 ws ae 

Bee ve eas Pe 

, Oey eee of 
ok me fain ; ; 









Se 


because absorption by the small amount of HCAA present 


> to 107" 


(inmetnesorder ot L0e Mease calcu laced by the 
dead volume contribution) was interfered with seriously 
by 0.8 M NaCl, even though the molar absorptivity of the 
latter is much smaller. This measurement problem did 
not exist for HBSA, though the measurements were made 
under the same conditionsas for HCAA, owing to the 
stronger molar absorptivity of HBSA. Therefore 
coulometric determinations of the acid content, Ht, 

were used, and gave satisfactory results. The concen- 
Creations of fH] and [HCAA] in solution were calculated 


by Equation (22), section 2. The values of Ho 


ere after 


Caonvertron tora 16.9 mequbasis (column 5, Table 22), 

were divided by the corresponding cut] and are trsted in 
eqlumn oO of Table .22) Then log, / 18") was plotted against 
[H’] (Figure 26) on the same graph as HC1/NaCl exchange 
(eiauveso a Ciaplereull)ysrorecompari son. ‘The, good 
agreement observed indicates that molecular sorption of 
HCAA on Dowex 50W x8 is very small. | 


Using Equation (24), K, can be calculated as 


follows: as 

ti H. -_ 

IK. & 
0 ——,_ 2 

[HA]V. 

[HA] = K, [HA] 

= i 

2 teas = Lae + 
ses = ine a 2. ime es 
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- O HCAA | 
HCl (Figure 5) 
2O ihaed Linea nine biodata canna Meal a ee, 
2 O og 4 6 8 |O l2 
+ ig 
[H] x 10 M 

Figure 26. Comparison of the ratio of total sorbed HCAA 
on Dowex 50W x 8 over Ht concentration in equilibrium 


with HCAA in external solution at various H* concentration 


and with that of HCl’ in Figure 5 





Aj JA] Gy (AIII5c) 
[Cl ] 


—_— 


Cl = 402[c17]? (Equation (14a)) on 16.25 meq 
basis). 


Substituting these values in Equation (24) 








= x (Hy Nat - 402[A ] [cial <10ac 
NaS eee 2 
[Na ] [HA]K.,V 
—— is 
eee NAT AO 2s LOGS 
K (X. =0) [H ][A ] e 
—H/Na --H [HA] 2 
Kis 
-3 
Pal rg a et 402x*10 
wanna (K=O) Ky eae D2 oe 
see 


If chloroacetic acid is considered sufficiently close to 
acetic acid in size that K, can be assumed to be 0.8 


(Chapter V, section 1), then 


: =e) 
ae OSS7 ee 16. 9S 4A0O 10 vane 


= 0.8x2.7° ~i 


AUT Resi ox aK Pe 


The good agreement found between K, (1.4 x re and K, 
(les eo eror HCA Supports the theory developed in 
this chapter. Internal dissociation does take place in 
the internal solvent, and the homogeneous model is 
appropriate for describing the internal equilibrium 


steps. It also provides indirect proof for association 


of fics in the resin. 
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CONCLUSIONS 


The stoichiometric method described in Chapter II is 
effective in measuring ion exchange, constants for all kinds 
of ion exchange materials ep any physical erormeaelt fis 
rapid, simple and can readily be applied to routine anal- 
ysis. The precision is obtained as a function of the load- 
ing factor a, the optimum range of a being from Os4 eto 1. 


Within this range the error is less than 13. 


The sorption isotherm for H’ on Dowex 50w resins was 

: : su : 
oOicatned=as -a function of [H ] and [Na‘]. In 10n exchange 
chromatography, where the solute contains trace amounts of 


He 


, the retention volume of H*’ is doubled over that predic- 
ted by the ion exchange constant alone. The unexpectedly 
large uptake of He at trace levels is due to the associa- 
tion of H’ with either the sulfonate groups or with small 


amounts of carboxylate groups present as an impurity. The 


latter possibility is more likely. 


The experiment described in Chapter V for weak acid 
sorption confirms the presence of an internal dissociation 
equilibrium for three different weak acid systems. K was 
found not to be affected to any significant extent by the 
high charge density in the resin. Owing to internal disso- 

at 


ciation, the sorptions of H , A-, and HA are not indepen- 


dent. 


Se 

















OU] 7a : 


ect ry} Bey Poy: ¥ r’s Jompdutoiose eit a 7 


'WESENOD: a + dot paisyeecm ad evitostiss 





















/ 
: De na 2isiiss@m opnatiozs den 268 
m. 7 - y 
Re | yi lbcct £69 Bas Siqute | bias 
ni cs ‘ctdo gp. @Moekeiossq 609 — poke 
. q 
| ae 
womtsIqo eas" ,9 zoIssTy Bae 
“a 
™ 
rs] oa SPs 2 2 RAS aiiag a 
~ = iseei agitqses sdf 
ae Ge . yy nolgonetis es berks 
Fees tne it exScdw. /yvCoqe spay sme 
‘ ar, iG ‘ i. 30 6 Loy 4oktnet0n ea iy 
=< 1s oD PwiaeS OG. ody va 4 
@ . "e 
sed nih ak elovel aces to > ee-oa eee 
intw4 : Noez.ve O93 tetas Asaiw HB So) eee 
7 : oe 
4 = _ 
(iimegmt me 6&6 J1antg S_totp siseieeediss Io sane 
| *% di 
Alt osom 22 yoSlidlevoq tessan 
Pos (HEAW ia? ' Yo atte {9 it Lwdiazoand ROMERO TES die 
f#okisinpacsis Lewyosai as Lo uoneenxq ong: lohaxtaas Hoe 
; ; 7 . fi : a, 
ce ee ess sna7o% tb aaa 0% ml tis Lug 
ae : We ats Rah Ja 
a ZF oe 


De ee Pephic ce 


192 


Once the sorption of a weak acid HA and of H’ is 
known, the retention time of that acid in elution ion 
exchange chromatography can be predicted. The poisoning by 
organic acids and thus the life time of ion exchangers in 
desalination can also be estimated by the amount of weak 
acid sorbed. The sorption of weak acids is also important 
in treating waste water containing organic acid pollutants 
and salts. Ion exchange resins are known to catalyze 
reactions such as hydrolysis of esters and inversion of 
Sugars. The catalytic power of ion exchangers should 
depend on the sorption of the reactants and products. An 
improved understanding of the sorption of weak bases and 
acids facilitates better understanding of catalytic mech- 
anisms in the resin phase as well as the catalytic effec- 


tiveness of the resin itself. 


To further support the arguments in the text, the 
individual species, such as in, HA, A , have to be meas- 
ured independently. At the present stage, no Sraegoratritaeen 
technique is available for this purpose; it is hoped that 
technology will BS Geneon in the future to permit such 
measurements. | 

Regarding future work, further study of exchange 
reactions involving carboxylate resins is recommended, so 
that the meena sit of HY uptake may be elucidated by com- 


paring the exchange constant with the association constant 
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measured in this work. It would also be of interest to 
study the sorption of weak acids on weak acid or weak base 
ion exchange resins, where association GCCUrs “in the 


external solution as well as in the internal solution and 


an the exchange groups. 
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GLOSSARY 
effective capacity for sorption of Ho. peq. 
the activity of molecular species in the resin 
Phase and solution phase » respectively. 
the maximum amount of solute that can be adsorbed 
on unit weight of resin (sites in Langmuir 
isotherm) ,m mole/g. 
parameter in error equation ee) te M. 
exchange capacity of the resin sample ,meq. 
exchange capacity of the resin per unit external 
solution volume, M. 
total acid concentration in solution, M. 
concentration of chloride ion in the external 
solution at equilibriun, M. 
concentration of hydrogen ion in the external 
solution at equilibrium, M, 
concentration of the acid added in stoichiometric 
method, M. 
total sorption? of Hil {exchange and association), 
uncorrected and corrected for dead volume con- 
tribution respectively, wueq. 
uptake of Ha due to exchange reaction, uncorrected 
and corrected for dead volume contribution respec-— 
tively, weq. 
additional uptake of an due to sorption mechanisms 
weq. 
amount of H’ sorbed due to Donnan invasion, eq. 


edie 
amount of ‘resin in) He torm,. meq. 
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HA, total amount of acid sorbed in the resin phase 
as measured by UV spectroscopy, peq. 

HA*,HA . Yamount-.of acia sorbed due to surface adsorption 
and true dissanues on respectively, eq. 

Ka/B ion exchange constant for the exchange reaction 


of A replacing B. 


Ko homogeneous equilibrium constant, equal to 
(Viotky ac) /(k,t+cK) . 

KK, dissociation constant of weak acid in the external 
solution and resin phase. 

(Ki) 7 (K;)5 K. calculated according to Schemes1 and 2 
respectively. 

K, Donnan invasion coefficient in Seep (4 eee - 
seats RAD 
PARHALAS] =. 


kK, ko -k, heterogeneous rate constants, as defined by 
Equations  ( ney (A TTS). 
k molarity ratio of the neutral solute in resin 


“phase to the solution phase due to true dis- 


solution. 
7 + + 
Kya ky homogeneous rate constants for Naw anda, 
k adsorptivity in Langmuir isothern. 
Na concentration of sodium ion in the external 
solution at equilibrium, M. 
Nay amount of Nat sorbed due to Donnan invasion, 


yeq. 
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uptake of Na” due to exchange reaction, tuncor-— 
rected and corrected for the dead volume con- 
tribution respectively, weq. 

amount of resin in Na”. form, weq. 

Standard deviation of the quantity concerned, eae 
yuh, Hyg Value). 

standard deviation of K obtained by stoichio- 
metric method, 

volume of acid added, ml. 

void volume (dead volume), ml. 

volume of water retained in the resin. md . 
Fepeneneniwo lume get ls | 

partial molal volume of the neutral species, 
mi/mole. 

internals qed lwatexeinothe resin phase, 


loading factor, B/c'! 
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Appendix I 


Evaluation of the uncertainty, AK/K, in the 
determination of K. 
A) The uncertainty in K due to measurement errors 
‘ + 
in H , (AK/K) 


Wr can be derived as follows: 


DrererentlatvonsGs @quatton (1) swith respect: to 


























H, gives 
———--—— 9Na d9HR, == ——— 9H oNaR 
2) : H-NaR{HR grade aa HR-Na{NaR nit ioeaG } 
oH’ y : wee nc 
ON ae i 
Sys kel 1 From (4b) 
oOHR _ OHR ONa _ p 
i = Na Capra eA bs) From (4a,4b) - 
dNaR _ Dee oH 
ie eg ee De aie Basel 1 
oH _ 
Pith eles 
*. (3B) == {- ER -na(yi+v,)} -—K-twar +H wity,))} 
H NaRH NaRH 
ero Kk _ -HR-NaY NaR+HV 
@ ak ee er 
= H HR Na NaRH 


where MS Ve v a, Che total volume of external solution. 
If the uncertainty is small, 0K/0H can be approximated 


by AK/AH!’, 
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Upon rearrangement, 





(=) s AH{— 
= H HR-Na NakR H 
as AH{ + aS * en 
R NaR 


substituting Eqs. (2)3to (5) into this expression gives 


ASS oe ee a oe (Bec! }Na 
ey “Eto Na "Bawa 7 gtwal “8 {Na (e-Na) ta*=wayt ~ Ala) 


(Ala) shows the relative uncertainty (AK/E) ,, caused by 
AH, the error in the measurement of He Expressed in 


relative error, AH/H, the relation 


Ae i 2G tt (tCuNom, 6, ANY Boe Cena 

Tee Hee Na (C= Nan (clans ees ae Na K(e'-Na? es 
is obtained. 

B) In a similar way, the uncertainty in Wecduemca 


the error in measurement of Cl, (AK/K) oy can be obtained 


using the same technique as in A above. 





———,;---— dNa dHR = ——- OH dNaR 
Te a Oclmencr pe nh Neh sort Baer? 
SCL Gin Same 

Cl (NaRH) 


digs, -OnC Shee 1 
dCl VoGl 
wry ae O : 


















Stemdprsrset Hol: 


(Mts Fee Watt BM ye ak 
| — A= AS e. 


ees oP mel uF a 
; 
a - & lie + ee + }HA ~~ = _ 
j esl % a 


euety leg i f ¢ » . sae 
(aig) fe et °° “ase ae Oe 
52 Hay “Yt rAs iy evidaled off ewora (ef) 


tach Ges | ] y of chee ee Rass f| ad at 103 79 éci2¢ , HA 


aeidgeler ede ,a\IA),.a6mze via 


po geal a ee Dade. gs ue . 6 
"e” tsu- =F, (ae) “ah r? a x , 


P 38 -haentetdo ef 


cnt of3 ;vew aslile a0 (a 


a : a 
a4).,29 30 snametvense iP totze sae 
de a me ie, Sea od sane edd pila 

iste gt BS ay awe + ge go anita. 
i) ae A. Te a +e 3 
_ a ee tee — ange — ee tain ——ate * (+ a 
cial" 








x= ots ea cy 
" : ees 4 


Since H and Cl are mutually independent, any error in 


measuring Cl will not be reflected in measuring 





Ho 
dNaR SHR _ s 
sOhw a sci 7 Meee = 
mA 2 (28) = 1 6 R+nav) + 
K Cl RNa NaR 
V V 
= —- + — a 
Na HR * Nar 
* 2c' - Na 
Na(c'-Na) 
AK La meee Cl Nad 
Ox Spec eeuatal=Nay) sale 
feel c 
& AK AC eee Be Cod) 
eno ( ~ Cl Na(ct=Na) ey 
Cr 
CG) The uncertainty in K due to the error in mea- 


Surement of c, (AK/K) , ,can be obtained by differentiating 


Fa. (1) with respect to c 





because 


This expression is considered valid because c is only 
used in calculating NaR, and therefore Ac is only re- 


flecteduin Nar, and not in Na, Hror HR. 
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ahs oe coc ¢-NaV” c'=Na (23a) 
eee ee gc! | 
(& % act tea ; (A3b) 
D) thesuncertainty: im eK due: to the error in 


measurement of Hoe (AK/R) 5, , can be obtained by 
O 


duererentrating Raw (7). 





: oNa 2 Bis # dB 
Tore = . ja ahh fk i] = 
2K : (c'-Na) (B-Na) 2Na JHA Na’ (B DS! avis Na (c'-Na) BH 
9Ho H ae 2 
o (c'-Na) (B-Na) 
gNa : . 
ai 6) Since measurement of Na is not affected by Ho 
* , Botls He 
: ViEtV a eg oH 
gB mantis” Ouran re) 
ore a0 (ver Van) ial 
-a =O 
ov, 
io 
O 
ove 
but 3H # O because the magnitude of ve depends on 
O 
Ho (see Eq. (6b)). 
Ss va 
aH = B. From BCs (6b) 
ms -£ 
Sei ae Gan 
eae oH V V i 
Oo a oe 


The explanation is uncertainty in Hy WiLL. not pro= 


pagate to B where B = Cl. 
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Cane 
a= maces = = ce 
ve Ho 
_x2i-gt 
; (Sea ea iia ete 5 Kee 
ee — id = 
AH 
AK i O c! 
(=) Pai H Saar e (A4) 
cama C fe) 
E) _ The uncertainty in K due to the error in mea- 


surement of Vee (AK/K) , can be obtainec by differen- 
~a 
tiating Eq. (7) with respect to hee 


= 2 —N cee. = | 2 Ui aa Fe Bs 
N_ (B Na) av, Na’ (c'-Na) OV, 


(Gs = 

Va Ves (¢'=Na) * (B-Na) * 

where eae = O because Na = Cl -H. 
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' 
Na{B-Na) — 
—s V 
(ok oo, rime 8 4 Eee ae ears 
re 
Ya vy. (c'-Na) * (B-Na) * 
ov 
-c'(l+ =~ 
CS sa eR Re eee 
oV V ev 
= a =a 
- oK oe 
‘3 Sue? K (er=nayy 
oer 
ce 
AV 
AK ty) esi ECs 
(=) eye Sane. (A5) 
< Vv, —_ 
Es) Uncertainty due to all measurement errors +(AK/K). 


Total error can be calculated bya combination of individual 


errors which are from mutually independent sources 
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Since measurement errors can be expressed in two different 
ways, either as absolute error AX or relative error AX/X, 
the error equation (A6) can also be written in two forms. 
i) Relative error: form: 

All measurement errors are in the form of AX/X. 
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Catieve sconsideredsneqligible andiso she’ = (B+c!)Na. 


Therefore, 





B ' 
Na = =© ; (A7a) 


and 





: 
' 
c'-Na = = (A7b) 


(AK/K) can be obtained by substituting Eqs. (Alb), (A2b), 


(A3b), (A4),. (A5)_and (A7va;b) into Equation: (A6) 
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AV 2 AH Je 2 
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+ FS)* BE + G3 a)” FE) +g FS . 
= ey Cc 
Rearranging into a more convenient form, 
AK e AH a 2 2 2 
cS 2 (Ga) tay eee *(1+0)? (24a) 
2 2 2 
eG A£Va AHG 
+ (1+a) Cte as ie at ee } (A8a) 


where 


_ amount of acid added, meq 
Capacity of the resin, meg 
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EL eAbsoluces error form 
Using Eqs. (Ala), (A2a), (A3a), (A4), (A5) 


and (A7a,b), it can be shown that 
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PPPENDIAL LL 


A) Heterogeneous model of ion exchange resins 

in this moda it is assumed that Na* counter 
ions are all held by electrostatic force, and thus 
localized in the resin, whereas the Na* ion sorbed by 
Donnan invasion can move freely in the internal 
water. The latter form is designated as "non exchange- 
able Na‘" or "sorbed Na", while "exchange Na’ refers 
to the Na® associated with the fixed charge groups. 
The amount of sodium ion sorbed may be considered under 
the conditions described to be equivalent to the sorp- 
tion capacity, which is much smaller than the exchange 
capacity. The former changes with the concentration 
of the eluting electrolyte NaCl, and is described by 


Donnan exclusion sierar while the latter is a 


constant depending only on the type of resin. i 


can replace not only. "exchange Na’™" but also- 


"sorbed Nat". thewreplacement. of sorbed Na’ contributes 


tO sthesadditionad) hold-up of ar in chromatography. 


The total a and Na’ present in the resin phase, 


a and Nay, Gane each be divided into two terms 


——— es —— —— ae 
iE S e Ss +, == 
[Na ] 


. {AT IT) 


a ———éi— 


+ + + 
Na = Na. ae Na, = Na, oF ao 


where the Subscripts “s and -eurefter’ to sorption and 


exchange. 
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Thermodynamics makes no distinction between 
elecerolyte sin, theysorpeionssttes and-in .the exchange 
Sites; the internal mice is treated as a concentrated 
solution containing fixed shea groups, counter ions 
and coions. The arbitrary distinction between these 
two kinds of electrolytes is thermodynamically ill- 
defined, just as is the definition of water of hydration. 
Nevertheless, from a Microscopic point of view.those ions 
"belonging to" exchange sites experience a strong elec- 
trostatic field, such that a covalent bond may even exist 
in some pages on whereas Na™ in sorption sites can move 
freely. In this case the adoption of a two-site model 
proves advantageous. 

Assuming the replacement mechanism in the 
sorption site follows mixed first and second order 

rad | 


kinetics? y the rate-of electrolyte, transport can be 


expressed as follows: 


dH -_ ae + 
= k, (A ]Na. (AII2) 
=i 
dH no ene . +, 0+ 
2 
dNa x +, + ee 2 ees 
[axa = k, [Na JH. + koNa. + KOH, (AII4) 
S 
al 
dNa > + + + 
ser = k,Na, pSys ]Na. (ALIS) 
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Subscript 1 refers to the species going from solution 
to the resin, and 2 refers to the species going from 
resin to the solution. .The rate constants Kis Kos Kye 
and Ke vary but slitthe; with concentrations of .individual 
Species. Equation {(AII2) contains only a second order 
term, which represents the situation that hydrogen ions 
in the external solution can go into the resin only by 
replacing sorbed Na’. The direct entrance of HCl would 
result in a building up of electrolyte concentration in 
the internal solution, and is forbidden because of the 
high Donnan exclusion potential. Because the concen- 
meLacronrot NaCi—eluent 1svapproximately way to 107 
timessgreater#than that of the HCiwsolute, the number 
of ions that can be accommodated by the internal sol- 
vent is essentially completely determined by the 
concentration and charge of the more concentrated 
species, NaCl. Thus the sorption capacity is nearly 
independent of HCl concentration. 

Equation (AII3) shows that the rate of hydrogen 
ion release by the resin is described by a first order 
and a second order term. It can either leave the resin 
freely as HCl (first term), or by replacement (second 
term). Unlike replacement of Nat in an exchange site, 
sorption replacement is not necessarily stoichiometric, 
that is, H* can enter the exterior solution as HCl 
without the necessity of replacement by an equal amount 


of Na’, The same interpretation applies to Equation 
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(ATES) eeouation MAIT4 Pi ceanalogousy to (AT%3) but 
for two additional terms that account for the fact 
‘that as NaCl and HCl leave the resin, the “void space" 
is immediately re-occupied by NaCl from the external 
solution. The sorption level thus always remains cons- 
tant for a given ionic strength. 

At equilibriun, ae determined by the column 
effluent having a constant pH (same pH as the solution 
being added), the following relationships exist: 


dNa). _ {dNa 
dt erat : 
Ss S 


2 1 


Both relationships lead to the result 


: iy Tom ae 5 aS 
k, [8 ]Na_ = KH, + k, [Na JH. E 


Letting a be the effective sorption capacity of the 


ee 


resin at [Na] =m, then Na” + He =a. sb Yaestmple 


substitution 


+ 
fs + kotk, [Na »] 
teehee NY Wee eran (AII6) 
S 


LE fing and Nay are known at given concentrations of NaCl 


: : Pees + 
and HCl in dynamic equilibrium on a column, then He and 


ee 


Na. can be calculated by Equation (AII1) and K fcan™be 


ro ee + 
measured accurately. Then a plot of [H"] /H, vea{H 


should give a straight line with a slope equal to bop 


if the proposed mechanism is correct. The ratios k5/k, 
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and ky/ky can be determined from a plot of the inter- 
cept-slope ratio I/S against [Nat] 

ii kotk, [Na‘] 

S ki 


B) Homogeneous models of ion exchange resins 

In this model exchanged ions and Donnan sorbed 
ions are assumed to move freely in the internal solu- 
tion, and are considered identical in every respect. 
Since a high charge density exists in the resin, some 
counter ions will associate with the fixed ionic groups 
and result in additional uptake of He The same notation 
as that introduced in the heterogeneous model is used 
here. che ree oreo. of ut and ut is the same 


= 


eeOLnencdel however Ht iS quite dicLierent here, 
being the hydrogen ion associated with the sulfonate 
groups or carboxylate aroun 

The groups capable of hydrogen ion association 
may either be the sulfonate groups itself or carboxylate 
groups present in the resin as an impurity. Association 
with either one or both of these groups will cause 
increased uptake of Ht at low hydrogen ion concentration. 
The same mathematical treatments can be applied to either 
group, and the results are the same in either case. To be 
able to distinguish between these two homogeneous models 
by mathematical means is unlikely. The following approach 


is general, with a referring to either sulfonate groups 


capable of hydrogen ion association or carboxylate groups. 
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Since both ca and Na, (in tChesinternal water 


phase) compete for effective groups, it can be described 


by a simple competitive: adsorption isotherm? 16°14? 
= 
cary eb lie! 
s ae o er 
1 + ki [He] + Kya [Nag] 


where a is the number of effective groups that can be 
associated at a specified ionic strength. The value 

of a depends’ on =the internal ionic strength, that is, 

on the internal water content, and is a constant at any 
given ionic strength. The terms Ky and Ena are apparent 


association constants. 








= = + 
[H.] 3 1 + k [Hg] + kya Na! 
Te ak 
s 

Since 

[Nat] = c/V 

S 

and 
ee See THe INA al 

[H,] = = 

[Na ] 
then 
+ 

(Hy i 1 + Kwa Nag! [Nat] " [Ht] 

He aki [Nat]K a 

Ss eo= 

Ven tes 2 Can need [Ht] 
= je | Oss (ATLS) 
aky ck a 
and 
Vie te kc 
eec. S a alee a. 
aS kok | [Nei liens q | (AII9) 
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APPENDIX III 


In a thermodynamic Pee erent of electrolyte 
distribution between two phases, where transfer of 
charge from one phase to the other is involved, the 
electric potential ¢ which is experienced by the ions 
has to be considered in addition to the chemical 
potential uw. A collective term, called the electro- 
chemical potential n, is used in dealing with such 

161 


systems ° 


ne a uae as ziFo 


Subscript i refers to the species i; Zs to the charge 
on i; and F to the Faraday constant. If the standard 
state is defined on pure i at pressure Eee usally. 
eatin}, at a certain temperature, then the chemical 


potential of the resin phase is 


Sapwes | us oO —— eo a GS — 
Hs Wa eR ee. a. ne) G2 2B dae ; 


Here Ve is the partial molal volume of i and a, is 
the internal activity. Because the standard state is 
Oepmmedvatsro and) thewresiii a sounder Nigh pressure 
(osmotic pressure 1), the chemical potential due to 
pressure other than P° expressed by the (PaPP) Vay term, 


has to be added. 


Then 
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B= 
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oO —_— or 
Hee Ge se ES (ADIT) 


and 


eee Lee eZ = WU. . : é 
ns U5 zsFo us +RI ln a, tv, + 2,Fo 


The chemical potential in the external solution 


can be written.as 


ee m 
iy Uy + Se a; 


where the same standard state is used in the external 
solution. No pressure-volume term is added because 
the external solution is always at-1 atm, where the 


Standard state is defined. 


= oO | | 
ns Ha + vas ln as + z.Fo A | CAsteL aes) 


If equilibrium has been attained, the electrochemical 
potential in the two phases should be equal and the 


following equality can be written: 


oO oO — - — 
~ + : ; = i. RT ? : se 
Wy Re In a, + 2,Fo us + gh ike a, +2, Fot Ty; 


Rearranging, 


$-0= & = 35 ee (Conboy 
in- 


-eDon is the Donnan potential between the resin and 


external solution phases. In the system studied, 


HA-NaCl-H.O-Dowex 50W x8, there are a total of four 


2 


species, Rar Gla ae and A , which carry charge. 
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Correspondingly, four equations can be written 








a TV 
TeRE -Na -Na 
Tipe A es (AIII4a) 
2Na 
a TV. 
Pant maltt oly aot! 
Enon = Ts Lire an pa (AIII4b) 
— a — 
—H 
aa TV. 
Decal sal —-A ca 
-EDon = EG ln — + rae (AITI4c) 
sa, has, ae 
a TV 
ak ~C]l —Cl 
enon = F ee + FP (AT EI4d) 


The distribution ratio of any two species can be gotten 


by solving the two corresponding equations above. 


Case 1) (Ali14a and b) 


RT ya - "YNa . RT Soe iH 

== Jn —— - — = Sin - 

E ie £ E aa” 

-Na =A | 
om (v. —-v_,) 

: -Na -H _ -Na iH ee 
ee — Ble = exp [ RT ] Ku/Na ° (AIII5a) 

—Na 

The ion exchange constant obtained, Kuyna’ is 
a thermodynamic constant. The quantities v,_ and WE, 


are not easily defined; their physical meaning is that 
of the volume increase obtained upon the addition of a 
mole of Nat @he a to the resin phase. Since cations 
and anions) Cannotsbe separated, Cres and ve are not 


measurable, and have only thermodynamic significance. 


Nevertheless, values for these terms can be approximated 
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through use of hydrated ionic volumes, as is done in 


Gregor's mode] sae! meee 


Case’ 2 (AlIi4a and d) 


a 
piyeme 2 ot NEE I Gyre ae 


Na 





Ina 3 


2na2c1 = 
Snalc1 





Bya™c1 _ ees ™YNacl 
Na=CL Te: 


In the case of single electrolyte sorption, where there 


is NaCl present but no HA, or where the ratio of [NaCl] 


Om fA) eis large (as in the system under study), then 


aes —— 


My, = BR! where mM, is the capacity ob, the resin sper 


unit weight of internal solvent. Then 





Wracl 


RT lie Be ALIA Ob) 


— Ye) 2 
S SSS = (—) exp [- 
m 
This is known as Donnan exclusion sorption. 
Sorption of the major electrolyte present, Clive s 
unaffected by the minor component HA so long as Ls 


concentration is low. 


Case 3 (AIII4c and d) 
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The distribution of Cl and A is determined by the 
partial molal volume difference, or roughly by the 
difference in hydrated ionic radii. Providing the 
sizes of two ions are nearly ee vor the osmotic 
pressure is low, Ke will have a value of 1, which means 
that the resin shows no preference for either species. 
Neglecting activity effects, the above equation can be 
put into the more useful form: 

[AS Cus! 

[A] [cl7] 
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(AIII5c) 
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